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ABSTRACT 

ADVANCED INVERTER CONTROL FOR UNINTERRUPTIBLE POWER SUPPLIES 

AND GRID-CONNECTED RENEWABLE ENERGY APPLICATIONS 

 

By 

Shuai Jiang 

The advancement of digital signal processors (DSPs) and programmable logic devices in 

modern power electronics systems offer great control flexibility and capability, providing 

attractive features particularly for applications in which complex control tasks are involved. This 

dissertation investigates some DSP based advanced control algorithms for pulse-width 

modulation (PWM) inverter applications, in particular, voltage regulated inverters connected 

with AC loads and current regulated inverters connected with utility grids. 

Uninterruptible power supply (UPS) is a typical example of voltage regulated inverter 

applications. It is widely used to supply high quality, continuous and disturbance-free AC power 

to critical loads such as medical equipments, computers and communication systems. A good 

UPS system requires not only excellent steady state performances in terms of voltage regulation 

and total harmonic distortions (THD) regardless of unknown load disturbances but also a fast 

transient response during load step change.  

In this dissertation, a three-phase four-wire AC-DC-AC double conversion UPS system is first 

studied. Multi-loop control strategies are designed to regulate the system input currents, DC 

voltages, and output voltages. Next, study will deep dive into a DC-AC three-phase UPS 

inverter. A high performance repetitive controller (RC) for the voltage regulated three-phase 

inverter is proposed. The proposed control algorithm can eliminate all the periodic distortions 

and guarantees a high quality sinusoidal output voltage under unknown and severely distorted 

loads. A novel 4th-order linear phase infinite-impulse-response (IIR) filter is first used in the RC 

such that harmonic distortions up to the 19th order are rejected. In order to achieve fast response 



 

during step load transient while still maintaining the low THD feature, a modified synchronous-

frame approach with significantly reduced delay is later proposed and investigated.  

Grid-connected inverters utilizing renewable energy sources (e.g., photovoltaic, wind, fuel 

cell, etc.) are growing rapidly in recent years along with the constantly growing global demand 

for electricity. A grid-connected inverter injects a synchronously regulated sinusoidal current to 

the utility grid with required low THD and high power factor. Using an LCL filter in such a 

system has been recognized as a small size low cost solution due to its -60dB/dec high frequency 

attenuation. In this dissertation, a high-resonance-frequency LCL filter with minimal size and 

cost requirement is designed. A proportional plus repetitive control hybrid strategy is then 

proposed to achieve very low THD current regulation and high power factor.  

Although utility grid is often modeled as an infinite AC voltage source in inverter current 

control, it can introduce way more complicated resonance issues particularly when long 

transmission cables are used between the inverter and the main grid. A real example of an 

HVAC offshore wind farm system with long submarine cables is then investigated and emulated 

by a scaled-down 120Vac single-phase system. A systematic analysis is carried out and the key 

passive component parameters that cause high frequency resonances are identified. A notch filter 

based active damping control is proposed and implemented in the inverter. 

When a grid-connected inverter is sourced from photovoltaic (PV) panels, a front-end isolated 

DC-DC converter is usually incorporated and dedicated control must be employed based on the 

converter dynamics to achieve both maximum power point tracking (MPPT) and coordination 

with the 2nd-stage inverter control. A high performance system-level control scheme is designed 

for the proposed boost-half-bridge converter-inverter system in the PV application. 
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Chapter 1. Introduction 

1.1. Background 

Modern power electronics applications deal with a broad range of power processing and 

control from milliwatt level of power management on chip to megawatt level of utility power 

system. While analog control is still prevalent at lower power level (less than hundreds of watts) 

with switching frequencies higher than hundreds of kilohertz, the advancement of digital signal 

processors (DSPs) and programmable logic devices offers great control flexibility and capability, 

providing attractive features particularly for applications in which complex control tasks are 

involved. This dissertation investigates some DSP based advanced control algorithms for such 

applications, in particular, uninterruptible power supplies (UPS) and grid-connected renewable 

energy systems.  

1.2. Uninterruptible Power Supplies 

Uninterruptable power supplies (UPS) are widely used to supply high quality, continuous and 

disturbance-free AC power to critical loads such as medical equipments, computers and 

communication systems. A good UPS system requires not only excellent steady state 

performances in terms of voltage regulation and total harmonic distortions (THD) regardless of 

unknown load disturbances but also a fast transient response during load step change. 

Some high performance feedback control techniques such as multi-loop state feedback control 

[1]-[7], dead-beat control [8], and predictive control [9], [10] have been proposed and 

investigated. High quality output voltage and fast dynamic response have been demonstrated 

with these methods. However, the following disadvantages limit the benefits of the above 

mentioned methods. 
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• To stabilize the closed-loop system and achieve dynamic stiffness, multiple state variables 

including both voltages and currents are required for sensing. More high-resolution sensors 

result in increased cost. 

• High order harmonic distortions caused by load nonlinearity and unbalance can hardly be 

eliminated. The controller bandwidth is limited intrinsically due to digital implementation. 

Selective harmonic compensation employs the idea that each order of harmonic distortions 

can be compensated individually. This technique is targeted at excellent steady state output and it 

is implementable either in the stationary frame [15] or in synchronous rotating frames [14], [17]. 

Nevertheless, excessive computation increases the controller cost and makes it less practical 

when harmonics above the 13th order need to be compensated.  

Repetitive controller (RC) originating from the internal model principle [19] is known as an 

effective solution for rejection of periodic errors in a dynamic system. The core mechanism of 

this technique is to incorporate a modified internal model by properly constructing feedback 

loops of one or a few time delay units. Consequently, periodic errors can be eliminated. A 

number of repetitive control strategies have been developed for UPS inverters (or constant-

voltage-constant-frequency inverters) [20]-[30], grid-connected inverters [31], PWM rectifiers 

[32], boost DC-DC converters [33], [34], and active power filters [35]-[38]. Among these 

methods, the conventional RC structure based on the positive feedback loop of a fundamental-

period delay unit has gained the largest popularity, for its straightforwardness and excellent 

harmonic rejection capability (every odd and even harmonic is compensated). However, the 

control action is postponed by one fundamental period correspondingly, which slows down the 

dynamic response unavoidably.  
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Generally, in a three-phase UPS system, the technical concerns can be summarized as 

follows.  

• Harmonic rejection capability. The controller is expected to reject any possible harmonic 

distortions under general conditions (balanced, unbalanced, nonlinear, etc.). 

• Dynamic response. The controller should be able to respond fast to the dynamic load step 

changes. 

• Cost effectiveness. Less high-resolution sensors and acceptable signal processing 

resources are expected. 

1.3. Renewable Energy Systems Interfaced with Utility Grid 

1.3.1. Grid-Connected Inverter with LCL Filter 

Renewable energy sources are growing rapidly in recent years along with the constantly 

growing global demand for electricity. Grid-connected voltage source inverter, usually as an 

essential part in a renewable energy application, injects sinusoidal current to the grid with 

required low THD and high power factor. Using an LCL filter in such a system has been 

recognized as an attractive solution to reduce current harmonics around the switching frequency, 

improve the system dynamic response, and reduce the total size and cost [13], [46]. 

A common technical concern in designing such an LCL filter based grid-connected inverter is 

to appropriately select the filter parameters. On the one hand, it is desired to push the resonance 

frequency of the LCL filter as high as possible in order to save the size and cost, as long as the 

grid current switching harmonics satisfy with the harmonic distortion standard. On the other 

hand, the LC resonance would potentially cause system instability and must be carefully dealt 
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with. Therefore, an optimal design of the LCL filter associated with the grid current control 

scheme should exist and it is desirable to obtain it. 

1.3.2. Offshore Wind Farm Inverter Incorporating Long 

Transmission Cable 

In recent years, offshore wind farms have emerged as one of the most promising renewable 

energy sources to meet the fast increased energy demand globally. Benefiting from the much 

stronger wind, more uniform wind speed, and avoidance of audible noises and visual impact, 

offshore wind farms offer much greater advantages over the onshore technology. A great number 

of large-scale commercial offshore wind farm projects have been developed in some European 

countries (United Kingdom, Denmark, Germany, Sweden and the Netherlands) and this number 

is still increasing [85]-[89]. 

In general, two types of power transmission technologies can be adopted in offshore wind 

farms: HVAC and HVDC. High voltage submarine cable, as a link connecting the offshore wind 

farm and onshore power grid, serves as an indispensable part in both HVAC and HVDC systems. 

Typically, HVDC transmission requires higher cost compared to HVAC because extra power 

electronics devices are needed for the AC-to-DC conversion in the substation. However, in 

HVAC transmission, the high capacitance of the submarine cable causes considerable reactive 

power. And even worse, LC resonances can occur between the offshore and onshore grids, which 

can lead to voltage distortions, increased power losses, and even system failure. Therefore, for an 

offshore wind farm located at a long distance (e.g., larger than 90km) from the seashore, HVDC 

power transmission becomes more favorable [85]. Intensive studies on HVDC based offshore 

wind power generation technologies have been carried out [85]-[88]. Comparative evaluations of 

HVDC and HVAC transmissions have been performed in [85], [89]. 
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It is reported that in existing offshore wind farms, HVAC transmission is so far the most 

widely adopted approach [85]. In a typical HVAC-connected offshore wind farm [85], [91], a 

group of wind turbine generators are connected to a central collection point through voltage 

source converters (VSCs), step-up transformers and local submarine cables. The central point is 

tied to the onshore main grid through another step-up transformer and the main submarine cable. 

Each VSC conditions the raw power generated from wind turbine and produces a fine power. 

However, because of the long distance from the onshore main grid, the grid seen by each VSC is 

no longer an infinite AC source but a combination of the main grid, transformers and submarine 

cables. The distributed inductance and capacitance along the HVAC transmission system may 

result in a series of high frequency resonances, and potentially cause system instability. 

Active damping techniques for grid-connected inverters with LCL filters have been widely 

investigated. Multi-loop feedback strategies in which more than one state variable are sensed can 

effectively eliminate the conjugate poles and increase phase margins. In addition, filter based 

damping technique can also compensate the resonant poles without introducing extra sensors. 

Unfortunately, all the existing active damping techniques are based on the assumption that the 

inverter is directly tied to an ideal grid. As aforementioned, it is no longer valid to apply these 

controllers to the offshore wind power applications. Therefore, a systematic study regarding the 

resonances of the submarine HVAC transmission system incorporating long transmission cables 

is desired for the guidance of the control strategy design in such a system. Once the model of the 

offshore wind farm system is built, then it will become much easier to design controllers that can 

effectively damp the resonances. 
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1.3.3. Photovoltaic Inverter System 

Photovoltaic (PV) inverter is one of the fast growing enabling technologies in grid-connected 

renewable energy applications. The concept of micro inverter (also known as module integrated 

converter/inverter) has become a future trend for single-phase grid-connected photovoltaic power 

systems, for its removal of energy yield mismatches among PV modules, possibility of 

individual PV module oriented optimal design, independent maximum power point tracking 

(MPPT), and “plug and play” concept [61], [62]. In general, a PV micro inverter system is often 

supplied by a low voltage solar panel, which requires a high voltage step-up ratio to produce 

desired output AC voltage [61]-[63]. Hence, a DC-DC converter cascaded by an inverter is the 

most popular topology, in which a high frequency transformer is often implemented within the 

DC-DC conversion stage [64]-[70]. 

In terms of the pulse-width modulation (PWM) techniques employed by the PV micro 

inverter system, two major categories are attracting most of the attentions. In the first, PWM 

control is applied to both of the DC-DC converter and the inverter [64]-[66]. In addition, a 

constant voltage DC link decouples the power flow in the two stages such that the DC input is 

not affected by the double-line-frequency power ripple appearing at the AC side. By contrast, the 

second configuration utilizes a quasi-sinusoidal PWM method to control the DC-DC converter in 

order to generate a rectified sinusoidal current (or voltage) at the inverter DC link. Accordingly, 

a line-frequency commutated inverter unfolds the DC link current (or voltage) to obtain the 

sinusoidal form synchronized with the grid [67]-[70]. Although the latter has the advantage of 

higher conversion efficiency due to the elimination of high frequency switching losses at the 

inverter, the double-line-frequency power ripple must be all absorbed by the DC input capacitor, 

making the MPPT efficiency (defined as the ratio of the energy drawn by the PV inverter within 
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a certain measuring period at the steady state to the theoretical available energy from the PV 

module) compromised unless a very large capacitance is used. Moreover, the DC-DC conversion 

stage requires more challenging control techniques to meet the grid current regulation 

requirement. Therefore, in terms of the MPPT performance and output current quality, the first 

category of PV micro inverter is more appropriate and will be studied in this dissertation. 

MPPT is performed by the boost-half-bridge DC-DC converter. Numerous MPPT techniques 

have been studied and validated, for example, perturb & observe (P & O) method [76]-[79], 

incremental conductance method [80], ripple correlation method [81], reduced current sensor 

method [82], etc. Different techniques have shown different trade-offs among the steady state 

MPPT efficiency, the transient tracking speed, and the control complexity [83], [84].  

Another critical concern for MPPT implementation is the dynamics of the specific converter 

adopted. In [78], an optimal P & O method has been developed to limit the negative effect of the 

converter dynamic responses on the MPPT efficiency. In [79], a closed-loop control technique 

has been proposed to minimize the PV voltage oscillation. However, the converter dynamic 

behavior associated with the MPPT operation can also influence the converter efficiency and 

functioning, which has been rarely discussed before. For example, the MPPT methods using 

step-changed perturbations on the PV voltage (or current) or the converter duty cycle 

periodically may sometimes cause problems such as inrush current, LC oscillation, magnetic 

saturation, etc. These undesirable transient responses can result in higher power losses or even 

circuit malfunctioning; and of course, they are different from case to case. 

1.4. Scope of the Dissertation 

This dissertation starts from the study of a three-phase four-wire online double conversion 

UPS system. A typical three-phase four-wire online double conversion UPS system consists of 
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static bypass circuits, a power factor correction rectifier, an inverter, and a DC-DC charger 

connected with a battery stack. In this dissertation, multi-loop control strategies are developed 

for the double conversion UPS system excluding the battery charger and the bypass circuit 

control. Input current regulation, DC link voltage regulation and balancing, and the output 

voltage regulation are realized. A novel DC link voltage balancing technique will be proposed. 

Experimental results under different test conditions will be included to demonstrate the controller 

performances. 

Next, advanced repetitive control techniques will be investigated for the voltage regulation of 

the three-phase UPS inverters. A low THD repetitive control strategy will be proposed to achieve 

optimal steady state voltage regulation. Then an improved synchronous-frame repetitive control 

approach will be introduced to enhance the dynamic performances. Experimental results and 

comparisons among different control strategies will be provided to verify the controller 

performances. 

For the grid-connected renewable energy applications, the study starts from a grid-connected 

voltage source inverter, which is commonly used as the grid interface in almost every renewable 

energy system. The feasibility of using a high-resonance-frequency LCL filter with minimal size 

and cost requirement is studied and verified. A proportional plus repetitive control hybrid 

strategy is then proposed to regulate the grid current and power factor. A conventional 

proportional plus resonant controller is also designed for the comparison purpose. 

Most of the time when designing the controller in a grid-connected inverter system, the grid is 

typically presumed as an infinite voltage source or a first-order single inductor. However, this 

assumption can become untrue particularly when the power transmission system connecting the 

inverter and the main grid is using long transmission cables.  
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Next, a more specific case study is then carried out on an HVAC offshore wind farm system, 

which incorporates long submarine transmission cables. In this dissertation, the entire system is 

modeled by per unit values and emulated by a scaled-down 120Vac single-phase system. A 

lumped LC network is adopted to model the high-frequency characteristics of the HVAC 

undersea cable. A systematic analysis based on the frequency-domain approach is carried out. 

The key parameters of system passive components that affect high-frequency resonances are 

identified. A notch filter based active damping control strategy is then proposed to stabilize the 

closed-loop system. In order to adapt the proposed damping control to more general cases where 

the long transmission cable parameters are unknown, a simple auto tuning algorithm is also 

investigated. Experimental tests are carried out to validate the theoretical analysis as well as the 

proposed active damping method. 

Finally, a boost-half-bridge PV micro inverter system is proposed. The grid current control 

strategy introduced earlier can be directly applied here. The system control strategies will be 

discussed, particularly in terms of the maximum power point tracking algorithm. Experimental 

results will be included to examine the micro inverter system performances. 
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Chapter 2. Multi-Loop Control of Three-

Phase Four-Wire Online Double Conversion 

UPS System 

2.1. System Descriptions and Ratings 

The online double conversion UPS system is widely used for supplying constant and 

disturbance-free power to sensitive equipment loads. When the grid power environment is 

“noisy”, or voltage sags frequently happen, or power outages sometimes occur, the online UPS 

system is able to decouple the load from the grid such that the load can be well protected. On the 

other side, the power factor correction function of the online double conversion UPS system 

ensures the input current of high power factor and minimal harmonic distortions when the load is 

of nonlinearity and absorbs harmonically distorted current. Therefore, the online double 

conversion UPS system is also able to protect the grid from pollutions generated by the loads. 

Figure 2.1 shows the typical configuration of an online double conversion UPS system. It is 

composed of static bypass SCRs, a power factor correction (PFC) rectifier, a DC-DC battery 

charger connected with a battery stack, an inverter, and a common DC link. The static bypass 

SCRs switches the UPS system between online mode and standby mode. In addition, the PFC 

rectifier regulates the grid current to be sinusoidal and unity power factor, meanwhile the 

inverter feeds a sensitive equipment load with regulated sinusoidal voltage. Finally, the DC-DC 

battery charger controls the charging and discharging of the batteries during normal operation 

mode and power sags or outage mode.  
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Figure 2.1. Typical configuration of an online double conversion UPS system. 

In this chapter, a three-phase four-wire online double conversion UPS system is studied. 

Instead of studying the entire UPS system control strategies, this dissertation will focus more on 

the main AC-DC-AC power conversion control in this chapter. Figure 2.2 shows the three-phase 

four-wire back-to-back double conversion UPS topology excluding the DC-DC charger and the 

static bypass circuit. 

To achieve the goal of maintaining constant output voltage irrespective of load disturbances, 

some high performance feedback control methods have been proposed [1]-[10]. A grid-

connected PWM rectifier with low pass filter (L, LC, or LCL) is usually required to draw a 

sinusoidal current from the grid at a close-to-unity power factor and simultaneously achieve DC 

link voltage regulation. LCL filter is superior for its fast high frequency attenuation 

characteristics and is proved to have significant advantages in higher power applications [13]. 

Several high performance controllers have been adopted (for rectifiers or similarly, grid-

connected inverters) with high power factor and small THD of grid current [11]-[13]. 
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Figure 2.2. AC-DC-AC topology of three-phase four-wire double conversion UPS system. 

Table 2.1. Parameters of the 3-phase 4-wire double conversion UPS system 

Parameters Values 

Nominal line-to-line voltage 480 V 

DC link voltage  830 V 

Nominal power 100 kW 

Fundamental frequency 57~63 Hz 

Switching frequency 10 kHz 

Input filter inductance (grid side) 100 uH 

Input filter inductance (rectifier side) 250 uH 

Input filter capacitance  20 uF 

Output filter inductance  250 uH 

Output filter capacitance  150 uF 

DC link capacitor  9.4 mF 

 

Among all the reported control algorithms, multi-loop state feedback control schemes have 

attracted the most attention among researchers because of the ease of implementation and good 
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performances. In this dissertation, multi-loop state feedback control strategies are implemented 

with both the PWM rectifier and the inverter.  

Table 2.1 provides the system parameters. 

2.2. Multi-Loop Controller Design 

2.2.1. PWM Rectifier Control 

Grid gi reci

1iL 2iL

iC

dcC

dcV

gv

 

Figure 2.3. Three-phase four-wire PWM rectifier.  

The three-phase four-wire PWM rectifier is shown in Figure 2.3. In Figure 2.4, the control 

block diagram of the PWM rectifier is illustrated. The DC link voltage is fed back to the outer 

voltage loop, and controlled through a PI compensator with lower bandwidth. The DC link 

voltage reference is set to be a little above the minimum required DC link voltage for normal 

operation of both the PWM rectifier and inverter. 

The inner current loop regulates the rectifier current for power factor correction. To adapt the 

system to a varying grid frequency (57 Hz~63 Hz), a phase lock loop (PLL) algorithm is 

synthesized as in Figure 2.5 to generate the instantaneous sinusoid angle for the inner current 

loop reference.  
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Figure 2.4. Control block diagram of the PWM rectifier. 

The PLL routine detects the zero-crossing of grid voltage every fundamental cycle. A low 

pass filter is added for better rejection of high frequency ripples and noises from the grid voltage, 

thus good robustness is achieved. A counter is incorporated to update the total number of 

sampling cycles in one fundamental period. Then the instantaneous sinusoid angle can be 

calculated as in (2.1). 

( )
2

K i

N
θ π=                                                                 (2.1) 

Where ( )K i represents the counter value in the ith  sampling cycle after the latest zero-

crossing point, N  is the total number of sampling cycles in one fundamental period.  

The proposed PLL can synchronize with the grid voltage in only one fundamental period and 

provide very fast dynamic response when grid frequency varies. 
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Figure 2.5. PLL routine executed in each sampling cycle (switching cycle). 

During step load, the inverter output power changes instantly. For best regulation of the DC 

link voltage during such a transient, the rectifier current must be adjusted to the correct level in 

the fastest way. Hence, the input and output power are balanced. To compensate the relatively 

lower bandwidth of the outer voltage loop for dynamic stiffness, the inverter output power is 

calculated and fed forward to generate the instantaneous current command, which is shown in 

(2.2), where T is the fundamental period.  

2
, ,

, ,

2 1
* sin ( ) ( )

3 ( )

t T

recff o o

k a b cg t
k a b c

I v k i k dt
Tv k

θ
+

=
=

= ⋅ ⋅ ∑∫
∑

                  (2.2) 
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However, it is noteworthy that one must be very careful to implement the feed forward by 

calculating the instantaneous load power. Either an excessive or an inadequate feed forward 

would jeopardize the improvement of the dynamic response. 

A well known problem associated with three-phase four-wire PWM rectifier is the DC 

capacitor voltage imbalance. The input current measurement errors usually can cause a DC offset 

in the sensed current [11]. The offset is then amplified by the inner current controller, which 

eventually leads to the DC capacitor voltage imbalance. This imbalance weakens the effective 

utilization of DC link voltage and forces to increase the DC link voltage in order to guarantee the 

correct operation of both the rectifier and inverter. As a result, the system efficiency and device 

stress are becoming worse.  

In order to address the above mentioned voltage imbalance, an additional balancing controller 

must be incorporated. Unlike the conventional balancing control methods which often need to 

sense both of the capacitor voltages, here, a method only requiring one DC link voltage sensor is 

proposed, and thus cost can be reduced.  

Specifically, while intentionally leaving the DC steady state error at the inverter side 

controller, the DC component of inverter output can be extracted as shown in (2.3) and fed back 

to a PI controller. The PI output is added to the final SPWM reference directly. Therefore, with 

only one DC voltage sensor implemented the DC voltage imbalance and inverter output DC 

offset are both eliminated. 

_

, ,

( )o dcerr o

k a b c

v v k

=

= ∑                                                     (2.3) 

In the three-phase four-wire UPS system, an LCL filter is employed to interface the PWM 

rectifier and grid. LCL filter is superior for its better performance in terms of high frequency 
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attenuation. To perform the PFC function, one can directly sense the grid current gi for feedback 

control, or sense the rectifier bridge input current reci  for indirect control. The details of the 

current control technique will be discussed in Chapter 5.  

2.2.2. Inverter Control 

The three-phase four-wire inverter is shown in Figure 2.6. In Figure 2.7, the control block 

diagram of the inverter is illustrated. 

oioL

ov
oC

 

Figure 2.6. Three-phase four-wire inverter. 
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Figure 2.7. Control block diagram of the inverter.  
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Instantaneous voltage feedback plus reference feed forward play the major roles in the 

inverter voltage control. Proportional controller is used for better stability and leaving a steady 

state DC error. This DC error is utilized at the rectifier side for DC capacitor voltage balancing. 

Until the DC error is diminished to zero, the rectifier keeps compensating the DC voltage 

imbalance.  

The second order LC filter has conjugate poles around 5160 rad/s, causing the LC resonance. 

Neglecting the equivalent series resistance of the inductor, the LC filter transfer function ( )invG s  

is given by (2.4). 

2

1
( )

1
inv

of of

G s
L C s

=
+

                                                    (2.4) 

 

Figure 2.8. Bode plot of ( )invG s  before and after voltage differential feedback compensation. 

(For interpretation of the references to color in this and all other figures, the reader is referred to 

the electronic version of this dissertation.) 
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To actively damp this resonance, a well known technique is to feed back the capacitor current 

to the inner current loop [1]. However, this requires an additional current sensor. Physically, the 

capacitor current is proportional to its voltage differential. Therefore, in this chapter, the 

capacitor voltage differential multiplying a constant gain dK  is fed back to form the inner active 

damping loop, compensating the LC plant with an optimal damping ratio (set to 0.707). 

Figure 2.8 gives the bode plots of the LC filter before and after the active damping 

compensation, respectively. To further improve the inverter voltage controller’s dynamic 

response during step load as well as enhance its capability of dealing with non-linear load, the 

load disturbance decoupling is injected based on the estimated filter inductance and equivalent 

series resistance. Hence, the influence of load perturbation can be minimized.  

An additional outer loop for peak voltage (2.5) control is added. It augments the inner loops to 

completely eliminate the steady state error of inverter voltage magnitude, and thus the inverter 

output voltage is always regulated as rated level. 

2

, ,

2
( )

3
opk o

k a b c

v v k

=

= ∑                                                  (2.5) 

2.3. Experimental Results 

The multi-loop control strategies for the 100 kW three-phase four-wire double conversion 

UPS system are implemented with Texas Instruments TMS320F2407 digital signal processor. 

Figure 2.9 shows the system experiment set-up. 75kW linear load and 50 kW non-linear diode 

rectifier load are tested to verify the controllers’ performance, respectively. High power factor 

(0.99) and low THD (3.2%) are achieved with the input current as shown in Figure 2.10. Figure 
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2.13 demonstrates the dynamic stiffness and balancing of the DC link capacitor voltage during 

load step change.  

 

Figure 2.9. Experiment set-up of the 100 kW UPS system. 

 

Figure 2.10. Grid voltage and current during load turn- on (linear load). 
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In Figure 2.11 and Figure 2.12, fast dynamic response and good steady state regulation are 

exhibited. Figure 2.14 shows the inverter output voltage regulation under non-linear load 

condition. A THD of 3.9% is achieved. 

 

Figure 2.11. Output voltage and current during load (linear) step-on. 

 

Figure 2.12. Output voltage and current during load (linear) step-off. 
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Figure 2.13. DC link capacitor voltages and load current during load (linear) step-on. 

 

Figure 2.14. Grid current, output voltage and output current with non-linear load. 
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2.4. Summary 

In this chapter, multi-loop state feedback control strategies for three-phase four-wire online 

double conversion UPS system are discussed and verified experimentally. 

At the input LCL filter, the rectifier current is fed back and regulated for power factor 

correction. By feeding forward the inverter output power so as to generate an instantaneous 

command for the inner current loop, dynamic stiffness of the DC link voltage is obtained during 

load step change.  

The imbalance of DC capacitor voltage is an inherent drawback with three-phase four-wire 

PWM rectifiers, which causes higher device voltage stresses and reduced efficiency due to 

insufficient utilization of DC link voltage. The proposed control strategies intentionally leave a 

steady state DC error with the inverter voltage control loop, and feed back this DC error to a 

dedicated voltage balancing controller at the rectifier side. Therefore, the inverter output DC 

error and DC link capacitor voltage imbalance are eliminated simultaneously.  

At the inverter side, peak voltage outer loop, voltage reference feed forward, instantaneous 

voltage and active damping inner loops, assisted with load disturbance decoupling are employed 

to achieve good steady state and transient performances.  
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Chapter 3. Low THD Repetitive Control of 

Three-Phase UPS Inverter 

3.1. Introduction 

In this chapter, the three-phase UPS inverter is studied. Figure 3.1 shows the most commonly 

used topology of a three-phase UPS inverter.  

1S 3S 5S

2S 4S 6S

dcV

+

−

fL

fC

 

Figure 3.1. Main circuit of a three-phase UPS inverter. 

Repetitive control originating from the internal model principle [19] is well known as a near-

perfect solution for rejection of periodic distortions in a dynamic system. The core mechanism of 

this technique is to incorporate a modified internal model based on a time delay unit. 

Consequently, periodic errors can be eliminated. A number of repetitive control strategies have 

been developed for UPS inverters [20]-[30], grid-connected inverters/rectifiers [31], [32], and 

active power filters [35]-[38]. Generally, a non-causal zero-phase low pass filter ( )Q z  is often 

placed on the positive feedback path of RC. Most commonly, ( )Q z  is selected as a low order 

FIR filter. Furthermore, a compensator ( )S z  is designed and placed on the controller forward 

path in order to modify the magnitude characteristics of the inverter plant. Both ( )Q z  and ( )S z  
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are incorporated to guarantee system stability and achieve excellent low frequency harmonic 

compensations at the price of sacrificing high order (>13th-order) harmonic rejection capability. 

However, in a UPS inverter, the nonlinear load harmonic distortions can be all the way to the 

19th-order or even higher. Furthermore, the design of ( )S z  usually requires precise knowledge 

of the LC filter parameters, resulting in higher design complexity and weakened robustness. In 

this chapter, a high performance repetitive controller is proposed, by utilizing a 4th-order linear 

phase IIR filter ( )Q z . It maintains a close to unity magnitude in its pass band and rolls off very 

fast above the cut-off frequency. Benefiting from this feature, ( )S z  is no longer needed which 

simplifies the controller design and enhances the controller robustness. Furthermore, harmonics 

up to the 19th order can be well compensated and a good stability margin is also achieved. In 

order to obtain good dynamic response, a more precise feed forward containing both the voltage 

reference and load disturbance decoupling term is added. 

3.2. Overview of the Repetitive Control UPS System 

3.2.1. Repetitive Control Principle 

Figure 3.2 shows the typical block diagram of a repetitive control based UPS inverter system 

in the discrete-time domain. The repetitive controller is plugged into the main control loop and 

assisted by a reference feed-forward path for better steady-state and transient performances. All 

the repetitive disturbances such as the distorted non-linear load, LC filter parameter drifting, 

dead-time effect, are represented by ( )d z . ( )rv z and ( )v z are the control reference and output 

voltage, respectively. ( )zε is the tracking error.  

A second-order inverter system with LC filter is commonly associated with the conjugate pole 

pair on the imaginary axis, which leads to instability under no load/light load condition. 
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Therefore, either an inner current loop or an active damping loop will be helpful for the stability 

compensation. For simplification, here ( )cG z  represents the stabilized inverter plant.  

In order to achieve fast dynamic response, the voltage reference feed forward as well as the 

disturbance decoupling feed forward are added. In practice, the disturbance decoupling term can 

be calculated by multiplying the load current and the inductor impedance. 

∑ N
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( )Q z
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+

+
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Figure 3.2. Block diagram of a typical discrete-time repetitive controlled inverter system. 

The core of the repetitive controller is called the modified internal model (3.1), which is 

denoted by the positive feedback loop in Figure 3.1. 
N

z
−

is the time delay unit essential to a 

repetitive controller. In practice, it occupies N  memory units for data storage in a digital signal 

processor. Most commonly N equals to the number of samples in one fundamental period 

(denoted as 0N  ). 

2
( )

1 ( )

N

k N

z
C z

Q z z z

−

−
=

−
                                                      (3.1) 

The original internal model incorporates a unity gain in the positive feedback path such that 

the tracking error ( )zε  is integrated based on the repetitive period. In an asymptotically stable 

closed-loop system, this error will eventually approach zero when the system reaches 

equilibrium. However in practice, the internal model is often modified by incorporating a filter 

( )Q z  instead of the unity gain. Although this manipulation results in a sacrifice in terms of error 
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convergence and reference tracking accuracy, it does increase the system stability margin at the 

mean time. ( )Q z  is often designed as either a close-to-unity constant for easy implementation, or 

a low pass filter which only sacrifices the high frequency harmonic distortion rejection. Once 

( )Q z is a low pass filter, it must have a linear phase characteristic such that the phase delay can 

be precisely compensated to zero by a non-causal phase lead unit 2k
z . 

( )S z is a compensator which modifies the magnitude and phase response of ( )cG z  for better 

harmonic rejection at higher frequency. 1kz is another non-causal phase lead term. It 

compensates the phase delay introduced by both ( )cG z  and ( )S z . 
r

K  is a constant gain. It is 

tuned together with ( )Q z for optimum control operation.  

3.2.2. Stability Analysis 

Applying Mason’s rule to the block diagram in Figure 3.2, the tracking error ( )zε in relation to 

the reference ( )rv z and disturbance ( )d z can be derived  
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With further manipulation on (3.2), the error convergence is expressed as 

2 1

2

( ) ( ) [ ( ) ( ) ( )]

         [ ( ) ( ) ( ) ( )][1 ( ) ]

k kN
r c

k N
r r c

z z z Q z z K z S z G z
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ε ε −

−

= −

+ − − −
                             (3.3) 
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(a) Stable condition 
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(b) Unstable condition 

Figure 3.3. Vector diagrams for stability analysis. 

Let 2 1( ) ( ) ( ) ( )
k k

r cH z Q z z K z S z G z= − . One can observe that the tracking error ( )zε is 

bounded if  
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2 1| ( ) | | ( ) ( ) ( ) | 1
j k T j k Tj T j T j T j T
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ω ωω ω ω ω= − <                      (3.4) 

where [0, / ]Tω π∈ , T is the sampling period. In other words, when ω increases from zero to the 

Nyquist frequency, as long as ( )j T
H e

ω is confined within the unity circle, the repetitive control 

system is asymptotically stable. 

Figure 3.3 illustrates the stability conditions geometrically. Assume that 2( )
j k Tj T

Q e e
ωω  is a 

zero-phase low pass filter, and thus it is always along the real axis. In Figure 3.3(a), both 

2( )
j k Tj T

Q e e
ωω and 1 ( ) ( )

j k T j T j T
r cK e S e G e

ω ω ω exhibit considerable magnitude attenuation when 

ω increases from zero to the Nyquist frequency such that ( )j T
H e

ω never exceeds the unity circle. 

Therefore, the system stability is guaranteed. By contrast, Figure 3.3(b) represents the unstable 

condition, in which | ( ) |j T
H e

ω is larger than unity when 1 ( ) ( )
j k T j T j T

r cK e S e G e
ω ω ω reaches a 

negative phase close to 180− �  at high frequency. 

From the above analysis, one can perceive the general design criteria to meet the stability 

requirement: 

1) Low pass filter is a better choice than a close-to-unity constant for 2( )
j k Tj T

Q e e
ωω . And 

more importantly, 2( )
j k Tj T

Q e e
ωω  is preferred to have fast roll-off rate above the cut-off 

frequency. This can be explained by examining the locus of vector ( )j T
H e

ω . At high 

frequency region, a small magnitude of 2( )
j k Tj T

Q e e
ωω will help with preventing 

( )j T
H e

ω from exceeding the unity circle. 
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2) 1 ( ) ( )
j k T j T j T

r cK e S e G e
ω ω ω must demonstrate a low pass characteristic. rK must have an 

upper limit and differs according to the roll-off rate of 2( )
j k Tj T

Q e e
ωω . The same reason 

as explained in 1) is applied here. 

3) The phase shift of 1 ( ) ( )
j k T j T j T

r cK e S e G e
ω ω ω should be as small as possible when ω  

increases. This can be achieved by carefully tuning the non-causal phase lead 

compensator 1kz .  

3.2.3. Dynamic Response Analysis 

From (3.3), the tracking error will have fast convergence when | ( ) |H z  is small. Assume 

2( )
k

Q z z  has a close-to-unity pass-band gain. At low frequencies within the pass band of 

2( )
k

Q z z , Eq. (3) can be further simplified in approximation as  

( ) ( ) ( )N
z z z H zε ε −=                                                          (3.5) 

Theoretically, if | ( ) | 0H z = , the tracking error ( )zε  can be eliminated in one repetition period. 

However, it is unrealistic to make | ( ) |H z  zero for all ω . In practice, | ( ) |H z  is usually designed 

to be close to zero in the pass band of 2( )
k

Q z z . 

From (3.5), it is noticeable that another factor significantly affecting the dynamic response is 

N
z

− . A long control delay will not only result in slow error convergence but also increase the 

magnitude of tracking error during transients. Hence, a large N
z

−  becomes intolerant 

particularly when fast dynamic response is desirable, and thus it demerits the advantage of 

repetitive control. Therefore, how to minimize the delay effectively becomes a vital 

consideration for the controller design. The method of minimizing N will be discussed in 

Chapter 4. 
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Steady state tracking error is another key criterion to evaluate a controller’s performance. 

Notifying that the tracking error is periodic and 1N
z

− =  at the steady state, the steady state error 

is obtained as (3.6) by simplifying (3.2). 

2

2

[1 ( )][1 ( ) ]
| ( ) | | ( ) |

1 ( )

1 ( )
               | ( ) |   

1 ( )

j k Tj T j T
j T j T c

r j T

j k Tj T
j T

j T

G e Q e e
e v e

H e

Q e e
d e

H e

ωω ω
ω ω

ω

ωω
ω

ω

ε
− −

=
−

−
+

−

                     (3.6) 

Equation (3.6) reveals that 2|1 ( ) | |1 ( ) |
j k Tj T j T

Q e e H e
ωω ω− −  determines the harmonic 

rejection capability of the controller. Equivalently, a small 2|1 ( ) | |1 ( ) |
j k Tj T j T

Q e e H e
ωω ω− −  

indicates high repetitive peaks of the open loop gain. 

3.2.4. Practical Design Considerations 

From previous analysis, 2( )
k

Q z z and 1 ( ) ( )
k

r cK z S z G z are both vital important in repetitive 

controller design. Most commonly, 2( )
k

Q z z is realized by either a close-to-unity constant or a 

low-order zero-phase low-pass filter. Specifically, non causal zero-phase finite impulse response 

(FIR) filter is the most popular choice. On the other side, a lot of efforts have been placed on 

design of ( )S z to compensate the magnitude and phase response of inverter plant and attenuate 

the repetitive peaks of the open loop gain.  

However, the design of ( )S z  inevitably suffers constraints from the LC filter parameters in 

order to achieve accurate compensation. Moreover, using ( )S z to attenuate the loop gain is less 

efficient. This is explainable by taking a look at Fig. 3(b). If 2( )
k

Q z z does not have enough roll-

off above the cut-off frequency, 1 ( ) ( )
k

r cK z S z G z needs to be very small to avoid exceeding the 

unity circle. Contradictorily, 1 ( ) ( )
k

r cK z S z G z must be maintained as close to unity in a wide 
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frequency range for better harmonic rejection and fast error convergence. These two 

requirements toughen the design of ( )S z  even further. 

In this chapter, a practical design of the repetitive controller module is proposed.   

Instead of using a low-order filter of slow transition from pass band to stop band, the 

proposed design will introduce a high performance 2( )
k

Q z z which obtains great flatness in pass 

band and sharp roll-off above the cut-off frequency. In this case, ( )S z will play a much less 

sensitive role in the entire controller. Hence, one can simply set ( ) 1S z = . The second-order low 

pass filter ( )cG z  with phase-lead compensation from 1kz is capable enough for high frequency 

attenuation. Furthermore, the design of 2( )
k

Q z z has minimal reliance on the inverter physical 

parameters, which enhances the controller’s robustness.  

As mentioned previously, faster error convergence requires not only a smaller | ( ) |j T
H e

ω but 

more importantly a reduced time delay N
z

− . Chapter III will introduce the proposed technique in 

which the time delay is effectively reduced to one sixth of the fundamental period. Chapter IV 

will go through the detailed design of 2( )
k

Q z z and 1 ( )
k

r cK z G z . 

3.3. Repetitive Controller Design 

The proposed repetitive controller is implemented for an 18kW three-phase UPS inverter. The 

system parameters are listed in Table 3.1.  

3.3.1. Active Damping Compensator 

A UPS inverter system with output LC filter generally requires a multi-loop control strategy 

for voltage regulation. The outer loop is dedicated to achieve satisfactory steady state 

performance, while the inner loop usually improves the transient response as well as the system 
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stability. Either inductor current or capacitor current feedback is valid for forming the inner loop 

[6]. But they both require high resolution current sensors, resulting in an increased total cost.  

Table 3.1. System Parameters 

Parameters Values 

Nominal line-to-line voltage  208 V 

DC link voltage  415 V 

Fundamental frequency 60 Hz 

Switching frequency 10.8 kHz 

Sampling frequency 10.8 kHz 

Rated output power  18 kW 

Output filter capacitance  150 uF 

Output filter inductance fL  250 uH 

  

Another approach is to utilize the capacitor voltage differential feedback [40]. It is easy to 

understand that the capacitor voltage differential is equivalent to the capacitor current. This 

approach eliminates high-resolution current sensors and effectively reduces cost. Hence, this 

method will be incorporated in the proposed control scheme as a pre-compensator to stabilize the 

inverter plant. In practice, in order to avoid the high frequency noises caused by the differential 

calculation, either an analog low pass filter in the sensing circuitry or a digital filter will be 

helpful. 

dK  denotes the gain along the capacitor voltage differential feedback path. The capacitor 

voltage differential feedback equivalently modifies the LC filter transfer function by inserting a 

damping term dK s  into the denominator. Then the compensated inverter plant and 

corresponding damping ratio can be derived 
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2

1
( )

1
c

f f d

G s
L C s K s

=
+ +

                                                      (3.7) 

2

d

f f

K

L C
ξ =                                                                (3.8) 

Set 0.707ξ = , then 42.74 10dK
−= × . Applying Tustin transformation to (3.7), ( )cG z  in the 

discrete time domain is obtained 

1 2

1 2

0.04096 0.08193 0.04096
( )

1 1.352 0.5154
c

z z
G z

z z

− −

− −

+ +
=

− +
                                         (3.9) 

3.3.2. Parameters Selection of the Repetitive Controller 

a) Determination of 1kz  

After ( )cG z  is obtained, the next step is to determine the non-causal phase lead compensator 

1kz . It is worth noting that the phase delay of ( )cG z  is non-linear in relation to the frequency, 

and meanwhile the real ( )cG z  will deviate from (3.9) because of inverter parameter uncertainties 

and discretization errors. Therefore, 1kz  just performs rough compensation within a certain 

frequency range in order to achieve increased phase margin and enhanced stability.  

The magnitude and phase responses of 1( )
k

cG z z  when 1 2,3,4k =  are illustrated in Figure 3.4. 

A minimum phase displacement below 410  rad/s (1952 Hz) is achieved when 1 3k = . The phase 

displacement above 410  rad/s is uncritical since at higher frequencies the system open loop gain 

goes below 0 dB. But in reality, the extra delay caused by the DSP software computation, 

sensing of state variables and gate drive circuitry must be all taken into account. It is typically 

1~2 switching/sampling cycles. Hence, the optimum value of 1k  must be further tuned during 

experimental tests. 
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Figure 3.4. Phase lead compensation with different 1k . 

b) Synthesis of 2( )
k

Q z z  

As previously discussed, 2|1 ( ) | / |1 ( ) |
j k Tj T j T

Q e e H e
ωω ω− −  directly indicates the steady 

state tracking error of the stationary frame repetitive controller. Thus, 2( )
k

Q z z  must be designed 

very close to unity within a wide frequency range. Nevertheless, stability is always the first 

priority for any controller design. As aforementioned, 2( )
k

Q z z  must reach enough attenuation at 

high frequencies to guarantee the stability. These two contradictory requirements imply a 

necessary sacrifice in terms of the steady state error if a poor ( )Q z  with slow high-frequency roll 

off is selected.  

Digital FIR filter is convenient for design and has been implemented in many existing 

repetitive controllers. It has intrinsic linear phase as long as its impulse response is either 

symmetric or anti-symmetric. A linear phase FIR can be precisely compensated by a non-causal 
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phase lead term to achieve zero phase delay. However, to obtain high performance, which is 

represented by great flatness in pass band, high magnitude attenuation in stop band, and fast 

transition in between, the required filter order increases sharply. 

On the other hand, linear phase IIR filter requires a much lower order compared to FIR with a 

given set of parameters, particularly when a high quality filter is to be synthesized [39]. Less 

multiplier terms results in reduced computation burden and lower cost of implementation.  

Elliptic filter is known as the one that has the fastest roll-off rate with the given amount of 

ripple. Therefore, it is a good candidate for ( )Q z  synthesis. In order to achieve linear phase, an 

all-pass phase equalizer can be placed in cascade. In order to reach a good compromise between 

the computation complexity and filter performance, a 2nd-order elliptic filter (denoted by ( )eQ z ) 

and a 2nd-order all-pass phase equalizer (denoted by ( )aQ z ) will be very practical and good 

enough. ( )eQ z  and ( )aQ z  are expressed as 

1 2
0 1 2

1 2
1 2

( )
1

e

b b z b z
Q z

a z a z

− −

− −

+ +
=

+ +
                                              (3.10) 

1 2
2 1

1 2
1 2

( )
1

a

a a z z
Q z

a z a z

− −

− −

′ ′+ +
=

′ ′+ +
                                             (3.11) 

Benefiting from the phase compensation term 1kz  in the loop forward path, the cut-off 

frequency of ( )eQ z  (denoted as eω ) can be pushed even higher than 1/ f fL C , predicting a 

good rejection to very high order harmonics. But for stability concerns, eω  is recommended not 

to exceed 410  rad/s.  

For an elliptic filter, the pass-band ripple is typically a conflicting parameter to the roll-off 

rate in the transition band. Likewise, for an all-pass filter, the phase equalization precision and 
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the effective compensation range also need trade-off. Therefore, an iterative design approach is 

necessary for obtaining the optimal ( )eQ z  and ( )aQ z . Furthermore, it is always important to 

keep in mind that the group delay of ( )Q z  must be multiples of the sampling period T  such that 

it can be precisely compensated to zero by 2k
z . Table 3.2 lists the details of 2( )

k
Q z z  

synthesized in MATLAB. 

Table 3.2. Synthesis of 2( )
k

Q z z  

( )eQ z  2nd-order 

0 1

2

1 2

0.1385, 0.2564,

0.1385;

0.7599, 0.2971

b b

b

a a

= =

=

= − =

 

10487 rad/s

Pass band ripple: 0.04 dB

Pass band gain: 0.993~0.9975

eω =

 

( )aQ z  2nd-order 
1

2

0.6151,

0.1019

a

a

′ = −

′ =
 

Linear phase region: 

[0,8816] rad/sω ∈
 

( )Q z  4th-order 
( ) ( ) ( )e aQ z Q z Q z=  

2k
z  2 5k =  

 

The bode plots of the synthesized ( )eQ z , ( )aQ z , and ( )Q z  are shown in Figure 3.5. The 

effective compensation region of ( )aQ z  is from 0 to 8816 rad/s (1404 Hz) and the group delay 

of ( )Q z  is exactly tuned to be 5 switching/sampling cycles. It is observed that based on a cut-off 

frequency around 
4

10  rad/s, the proposed ( )Q z  still retains a gain of 0.93 at the frequency of the 

19th-order harmonic (1140 Hz). 
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Figure 3.5. Bode plots of ( )eQ z , ( )aQ z , and ( )Q z . 

c) Selection of rK  

In general, the constant gain rK  is co-designed with 2( )
k

Q z z . A higher cut-off frequency of 

( )Q z  can bring better high-frequency harmonic rejection, but a smaller rK  must be selected 

accordingly to meet the stability requirement. Unfortunately, reducing rK  will increase 

2|1 ( ) | / |1 ( ) |
j k Tj T j T

Q e e H e
ωω ω− −  at lower frequencies, which leads to a larger steady state 

error in terms of low order harmonic compensations. If ( )Q z  has a moderate cut-off frequency, 

the system stability can be guaranteed in a wider range of rK . Given the ( )Q z  in Table 3.2, the 

locus of the vector ( )j T
H e

ω
 can be plotted in Figure 3.6(a) and 3.6(b), where 1rK =  and 

1.8rK =  respectively. 
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(a) 

 

 
(b) 

Figure 3.6. Locus of vector ( )j T
H e

ω
 with different rK . (a) 1rK = . (b) 1.8rK = . 
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In both cases, ( )j T
H e

ω
 is confined within the unity circle, which means the system is stable. 

But in Figure 3.6(b), the starting point of ( )j T
H e

ω
 moves towards the stability boundary and 

thus a smaller stability margin is indicated. In addition, even though a smaller steady state error 

can be expected with a larger rK , the dynamic response is sacrificed according to (3.5). In fact, 

thanks to the close-to-unity gain of ( )Q z  in its pass band, the steady state error is almost 

negligible with 1rK = . Therefore, taking both the stability and the dynamic response into 

account, 1rK =  is the most appropriate choice. 

3.3.3. Repetitive Control Using Different Low Pass Filters 

It has been found that a FIR filter with lower than 4th order is most frequently selected for 

( )Q z  in previous repetitive controllers. Hence, it is desirable to compare the controller 

performance with incorporation of the 4th-order FIR and the proposed 4th-order IIR respectively. 

A 4th-order zero-phase FIR filter for ( )Q z is designed 

1 2

3 4

( ) 0.0293 0.1760 0.5868

         0.1760 0.0293

Q z z z

z z

− −

− −

= + +

+ +
                               (3.12) 

2 2k =  is selected for zero phase compensation. The 4th-order FIR and the proposed 4th-order 

IIR have the same peak gain of 0.9975 in the pass band, while the cut-off frequencies are both 

around 
4

10 /rad s .  

Figure 3.7 shows the bode plots of the two cases. It can be observed that the 4th-order IIR has 

much less magnitude attenuation than the FIR whenω  varies from 0 to 7000 /rad s .  

From Figure 3.2, the transfer function of the repetitive controller can be expressed as 

0
1

0
2

( )=
1 ( )

N
k

rk

z
R z K z

Q z z

−

−
                                                (3.13) 
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Figure 3.7. Bode plot of ( )Q z  based on the 4th-order FIR filter and the 4th-order IIR filter. 

The open loop gain 0| ( ) ( ) |cR z G z can be plotted as Figure 3.8 shows. The cross-over 

frequency is 
4

10 /cr rad sω =  for both cases. The magnitude of 0| ( ) ( ) |cR z G z  at each harmonic 

frequency determines the controller’s capability of rejection to the corresponding order harmonic 

disturbance. It can be observed that with incorporation of the 4th-order IIR, 0| ( ) ( ) |cR z G z  is 

maintained higher than 40dB+ for the harmonics up to 13th order. Even at 19th-order harmonic 

frequency, 0| ( ) ( ) |cR z G z  is still close to 20dB+ .  
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Figure 3.8. Comparison of system loop gain when using the 4th-order FIR and the 4th-order IIR. 
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Figure 3.9. Digital implementation structure of the proposed repetitive controller. 
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On the other hand, when using the 4th-order FIR, 0| ( ) ( ) |cR z G z  drops to 20dB+  at the 13th 

order and 10dB+  at the 19th order. Therefore, the proposed 4th-order IIR is much more 

advantageous than the 4th-order FIR in the repetitive control system. 

Figure 3.9 shows the digital implementation structure of the repetitive controller shown in 

Figure 3.2. 

3.4. Experimental Validations 

Experiments have been carried out on an 18 kW three-phase inverter prototype. The 

comparison between the 4th-order FIR filter based RC and the proposed 4th-order IIR filter 

based RC is shown in Figure 3.10. Steady state waveforms and harmonic spectrums in both cases 

are provided when the inverter is connected to a severely distorted diode rectifier load. It can be 

seen that the proposed 4th-order IIR filter based RC is much more superior than the FIR filter 

based RC. Figure 3.11 shows the steady state waveforms with open loop feed forward control. 

Figure 3.12 shows the steady state waveforms with a much heavier rectifier load (55%) 

connected. The output voltage THD is still as low as 1.73%. Figure 3.13 and Figure 3.14 

demonstrate the transient responses of the proposed repetitive controller. Due to the one 

fundamental period delay in the modified internal model, the repetitive controller generally takes 

several (3~5) fundamental cycles to eliminate the tracking error.  
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(a) 

 

(b) 

Figure 3.10. Comparison between the FIR filter based RC and the proposed IIR filter based RC 

(with 6.6 kW pure rectifier load). (a) Steady state outputs when using the 4th order FIR filter. (b) 

Harmonic spectrum of the inverter output voltage in (a). (c) Steady state outputs when using the 

proposed 4th order IIR filter. (d) Harmonic spectrum of the inverter output voltage in (c). 

 



45 

Figure 3.10 (cont’d). 

 

(c) 

 

(d) 
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Figure 3.11. Steady state outputs with open loop control (with 6.6 kW pure rectifier load). 

 

Figure 3.12. Steady state outputs with proposed repetitive control (10 kW pure rectifier load). 
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Figure 3.13. Load step change from 2.8 kW to 10 kW (pure rectifier load). 

 

Figure 3.14. Load step change from 7.5 kW to 15 kW (with line inductor connected rectifier 

load). 
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3.5. Summary 

In this chapter, a high performance repetitive controller is proposed for three-phase UPS 

inverters. A 4th-order linear phase IIR filter ( )Q z  is synthesized and placed on the positive 

feedback path inside the RC. Compared to the low order FIR filters which are commonly used in 

the existing RCs, the proposed 4th-order IIR filter exhibits great pass band flatness and a fast 

high frequency roll-off rate. Benefiting from this feature, the compensator ( )S z  in the control 

forward path is eliminated and a good stability margin is obtained, which indicates a strong 

robustness of the controller. More importantly, the proposed RC demonstrates very high loop 

gains at harmonic frequencies up to the 19th order. Hence, very low output voltage THD can be 

guaranteed even when a heavily distorted nonlinear load is connected. Even though dynamic 

response can be improved with the help of the voltage reference feed forward and load 

disturbance decoupling feed forward, the fundamental period delay in the internal model still 

slows down the tracking error convergence. In the next chapter, an improved repetitive control 

technique in terms of the dynamic response will be introduced and discussed. 
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Chapter 4. Synchronous-Frame Repetitive 

Control with Fast Dynamic Response 

4.1. Introduction 

A high performance repetitive control strategy for three-phase UPS inverters is introduced in 

last chapter. Outstanding steady state voltage regulation with very low total harmonic distortions 

has been achieved. However, the control action is postponed by one fundamental period 

correspondingly, which slows down the dynamic response unavoidably. In order to improve the 

dynamic response, many improved repetitive controller structures have been proposed and 

investigated. 

As most AC systems only contain odd harmonics in their Fourier series expansions while 

even harmonics are normally regarded as negligible, repetitive controllers aimed at compensating 

only the odd harmonics have been proposed [27], [30], [36], [37]. In these odd-harmonic RCs, 

the time delay is reduced to a half of the fundamental period such that an improvement of the 

controller dynamic response can be expected. Furthermore, unnecessary compensations on the 

even harmonics are eliminated in order to avoid the waste of control efforts and the possibility of 

re-injecting distortions at the even harmonic frequencies. A further progress of repetitive control 

has been achieved particularly in three-phase applications, by selecting only the (6 1)thn ±  

( 0,1,2,...n = ) harmonics for compensation [38]. In [38], the authors start from constructing an 

RC to compensate all the 6 thn  ( 0,1,2,...n = ) harmonics in the synchronous frame, and then 

derive the equivalent stationary-frame controller transfer function according to the frequency 
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shift mechanism. The (6 1)th-n ± harmonic RC obtains enhanced frequency selectivity and small 

computation complexity, and the maximum control delay is further reduced to 1/3 of the 

fundamental period. Nevertheless, under severe conditions, a three-phase AC system may 

contain not only the (6 1)thn ±  ( 0,1,2,...n = ) harmonics but also the triplen harmonics 

( 3 thn , 1,3,5...n = ). In this case, a controller capable of compensating all the odd harmonics 

would be more desirable.  

As a result, in a three-phase AC system, the technical concerns for the repetitive controller 

design can be summarized as follows.  

• Harmonic rejection capability. The controller is expected to reject any possible harmonic 

distortions under general conditions (balanced, unbalanced, nonlinear, etc.). 

• Dynamic response. Auxiliary state feedback controllers can be plugged-in to enhance the 

dynamic response [22]-[29], [36]. However, with reduced weight of the RC, steady state 

performance can possibly be sacrificed. Therefore, an RC with fast response to 

disturbances itself, or in other words, an RC with minimized internal time delay, is very 

desirable. 

In this chapter, an improved repetitive control scheme for three-phase UPS inverters is 

proposed. Instead of using the stationary-frame implementation, the RC as discussed previously 

is placed into three different synchronous frames, where the odd harmonics can be all 

transformed to the 6n  ( 0,1,2,...n = ) multiples of the fundamental frequency. Resultantly, by 

designing the repetitive controller as a compensator for 6 thn  ( 0,1,2,...n = ) harmonics in the 

synchronous frames, the harmonic distortions under severely unbalanced and nonlinear loads can 

be well rejected. More importantly, the repetitive control time delay is minimized to 1/6 of the 
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fundamental period. A significant improvement of the dynamic response is obtained without 

sacrificing any steady state performance.  

4.2. Repetitive Controller in Synchronous Rotating Frames 

In an AC system, the d-q reference transformation substantially performs the frequency shift 

on all system signals. Hence, any harmonic regulators designed in synchronous d-q frames will 

behave as frequency-shifted transfer functions when viewing from the stationary frame. This 

characteristic associated with synchronous frame transformation has been utilized skillfully for 

both voltage and current regulations of PWM inverters [14], [17], [18]. 

Before embarking on the controller design in synchronous frames, it is very important to get 

idea of the frequency-shift mechanism when converting signals from the stationary frame to a 

synchronous rotating frame. Assume 0ω  is the fundamental frequency. Generally speaking, a 

balanced three-phase AC system only contains (6 1)thn ±  ( 0,1, 2...)n =  harmonics. But in the 

synchronous frame rotating at 0ω+ , the 0(6 1)n ω±  ( 0,1, 2...)n =  components are all shifted to 

the multiples of 06ω . This useful feature significantly simplifies the synchronous-frame 

harmonic regulator design under balanced conditions: only the 6 thn  ( 0,1, 2...)n =  harmonics 

need to be compensated. 

However, a good three-phase UPS inverter system must meet the voltage regulation 

requirement under both balanced and unbalanced load conditions. When the load is unbalanced 

and nonlinear, harmonics will include all the odd-order components, each of which contains both 

the positive sequence and the negative sequence (assume that the system discussed in this 

chapter does not have the neutral path and thus no zero sequence harmonic exists.). Therefore, 

not only are the 6 thn  ( 0,1, 2...)n =  harmonics visible in the synchronous frame rotating at 0ω+  
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but also other orders of harmonics. Consequently, designing regulators for 6 thn  ( 0,1, 2...)n =  

harmonics in only one rotating frame will be inadequate. 

Table 4.1 Harmonic Sequences In Unbalanced Three-Phase AC Systems 

Harmonic 

order in 

stationary 

frame 

Sequence 

Harmonic order in synchronous frames 

rotating at ( 1,3)k kω ± =  

1 0ω ω+ = +  1 0ω ω− = −  3 03ω ω+ = +  

1 
Positive 0 -(Note 1) - 

Negative - 0 - 

3 
Positive - - 0 

Negative - - 6 

5 
Positive - 6 - 

Negative 6 - - 

7 
Positive 6 - - 

Negative - 6 - 

9 
Positive - - 6 

Negative - - 12 

11 
Positive - 12 - 

Negative 12 - - 

13 
Positive 12 - - 

Negative - 12 - 

15 
Positive - - 12 

Negative - - 18 

17 
Positive - 18 - 

Negative 18 - - 

19 
Positive 18 -  

Negative - 18 - 

 

Note 1: “-” stands for harmonic orders other than 6 thn  ( 0,1, 2...)n = . 

Now consider three different synchronous frames. Define the three frames as Frame #1 

(rotating at 0ω+ ), Frame #2 (rotating at 0ω− ), and Frame #3 (rotating at 03ω+ ), respectively. 

Table 4.1 summarizes the harmonic sequences (up to the 19th order) and frequency shifts in 
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these three frames in an unbalanced system. It is worth noting that all the positive and negative 

sequence components of the (6 1)thn ±  ( 0,1, 2...)n =  harmonics are substantially converted to 

6 thn  ( 0,1, 2...)n =  harmonics in either Frame #1 or Frame #2. Likewise, the triplen harmonics 

are all shifted to 06nω  ( 0,1, 2...)n =  in Frame #3. As a result, if regulators for 6 thn  

( 0,1, 2...)n =  harmonics are placed in all of the three selected synchronous frames, the system 

will be capable of coping with unbalanced conditions. 
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Figure 4.1. System configuration of the three-phase UPS inverter. 

Come back to the repetitive control. The conventional repetitive controllers are designed for 

rejection of all the odd and even harmonics at the price of introducing a fundamental period 

delay. However, from the above discussions, the required time delay can be significantly reduced 

from one fundamental period to its 1/6, with the repetitive controller placed into the three 

synchronous frames given in Table 4.1. Meanwhile, the controller still preserves the capability of 

rejecting all the possible harmonics in the system. 
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Figure 4.2. Proposed synchronous-frame repetitive control scheme. 

The system configuration of the three-phase UPS inverter is shown in Figure 4.1. The 

proposed synchronous-frame repetitive control scheme is shown in Figure 4.2. It incorporates the 

RC illustrated in Figure 3.2 into the three synchronous frames. ( )R z  denotes the RC transfer 

function. N  is reduced to 0 / 6N . The constant gain associated with each RC in each forward 

path can be extracted out and assigned as 1dqK + , 1dqK − , and 3dqK +  respectively. 
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As a result, the process of the synchronous-frame RC design can be summarized as: 1) Design 

the RC based on the conventional stationary-frame structure as shown in Figure 3.2; synthesize 

( )Q z  and tune the parameters of 1k , 2k and rK , respectively. 2) Plug it into the three 

synchronous frames rotating at 0ω+ , 0ω− , and 03ω+ , respectively; assign N  as 0 / 6N . 3) 

Perform a fine tuning on 1dqK + , 1dqK −  and 3dqK + , respectively.  

4.3. Controller Magnitude-Frequency Response  

Plug the repetitive controller into the three synchronous frames rotating at 0ω+ , 0ω− , and 

03ω+ , respectively, and assign 0N N= . ( )R z  shown in Figure 4.2 can be described as 

/60
1

/602
( )=

1 ( )

N
k

Nk

z
R z z

Q z z z

−

−−
                                                (4.1) 

Let us start from considering a simple case: the three-phase system is balanced. From Chapter 

III, it is known that the repetitive controller in Frame #1 is adequate to reject all the (6 1)thn ±  

( 0,1, 2...)n =  harmonics. In this case, 1dqK +  can be selected as equal to rK  ( 1rK = ), and 1dqK − , 

3dqK +  can be simply set to zero.  

Now consider a more general case that the load is both unbalanced and nonlinear. Under this 

condition, 1dqK −  and 3dqK +  should no longer be zero. The RC in Frame #1 combined with the 

one in Frame #2 cancels all the positive and negative sequence components of (6 1)thn ±  

( 0,1, 2...)n =  harmonics. Meanwhile, the RC in Frame #3 compensates all the triplen harmonics. 

It is worth noting that the selection of 1dqK + , 1dqK −  and 3dqK −  is always restricted by the 

stability requirement and the amount of unbalanced power is considerably lower than the 
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balanced power in most cases. Therefore, it is reasonable to assign 1dqK −  and 3dqK +  with 

smaller weight compared to 1dqK + . In practice, 1 1dqK + =  and 1 3 0.3dq dqK K− += =  are selected.  
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Figure 4.3. Frequency response of | ( ) |R z . 

Once 1dqK + , 1dqK −  and 3dqK +  are determined, the magnitude of | ( ) |R z  directly affects the 

controller’s harmonic rejection capability. | ( ) |R z  can be plotted as shown in Figure 4.3. From 

Figure 4.3, the first three peaks are higher than 40dB+  and compensate all the odd harmonics up 

to the 13th order. The 4th peak of | ( ) |R z  is around 20dB+  and compensates the 15th, 17th, and 

19th harmonics. Hence, the proposed controller obtains a good rejection to the high order 

harmonics. 
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4.4. Simulation and Experimental Results 

All the simulation and experimental results are carried out based on the 18 kW three-phase 

UPS inverter system depicted in Figure 4.1. The system parameters have been given in Table 

3.1. One 16-bit fixed-point processor TI TMS320LF2407 is used to control the system in the 

experiment. 

4.4.1. Compensation of Unbalanced Nonlinear load 

The capability of the proposed synchronous-frame RC to reject harmonics under unbalanced 

nonlinear load is verified by the simulation and experimental results shown in Figure 4.4 and 

Figure 4.5, respectively. The output line-to-line voltages are denoted by abv , bcv  and cav , 

respectively. ai , bi  and ci  represent the load currents. The phase voltage tracking errors are 

represented by aε , bε  and cε , respectively. In Figure 4.4, a 15 kW balanced three-phase 

resistive load is connected to the inverter output. In addition, a 3 kW single-phase bridge rectifier 

load is connected across Phase a and Phase b in order to create the unbalance and nonlinearity. 

Three cases are simulated and compared, which are 1) the RC is implemented in Frame #1 only 

(Figure 4.4(a)); 2) the RC is implemented in both Frame #1 and Frame #2; 3) the RC is 

implemented in all the three synchronous frames (Figure 4.4(c)). It can be observed that only 

when the repetitive controller is incorporated into all the three synchronous frames 

simultaneously, the voltage tracking errors can be greatly minimized.  

Similar results are also obtained from the experiment. In Figure 4.5, a 2.6 kW single-phase 

bridge rectifier load is connected between Phase a and Phase b. Considering that the harmonic 

distortions are mainly contributed by the unbalanced nonlinear portion of the load, the resistive 

load used in the simulation is removed in this case. 
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(b) 

Figure 4.4. Simulated steady state responses under unbalanced nonlinear load when the RC is 

implemented in (a) Frame #1 only, (b) Frame #1 & Frame #2, and (c) all the three synchronous 

frames, respectively. 
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Figure 4.4 (cont’d). 
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(c) 

 

(a) 

Figure 4.5. Experimental results with unbalanced nonlinear load when the RC is implemented in 

(a) Frame #1, (b) all the three synchronous frames, (c) harmonic spectrum of the voltage in (b). 
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Figure 4.5 (cont’d). 

 

(b) 

 

(c) 

Experimental tests are performed with the RC implemented in Frame #1 only (Figure 4.5(a)) 

and all the three frames (Figure 4.5(b) and (c)), respectively. It can be seen that the experimental 

results agree with the simulated waveforms very well. By implementing the proposed controller, 
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the steady state voltage THD is 1.21%, which indicates excellent harmonic compensations for 

the unbalanced nonlinear load. 

4.4.2. Compensation of Balanced load 

 

(a) 

 

(b) 

Figure 4.6. Experimental results with a balanced nonlinear load using the proposed synchronous-

frame RC. (a) Steady state responses. (b) Harmonic spectrum of the voltage in (a). 
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(a) 

 

(b) 

Figure 4.7. Experimental results with a balanced resistive load using the proposed synchronous-

frame RC. (a) Steady state responses. (b) Harmonic spectrum of the voltage in (a). 

The steady state operation of the inverter when connected with a three-phase bridge rectifier 

load is shown in Figure 4.6. 2/3 of the nominal power (12kW) is reached. Under such an extreme 

load condition, the output current exhibits a crest factor as high as 4.2. It can be seen that a very 

low voltage THD (1.88%) is still guaranteed. When the inverter feeds a balanced three-phase 
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resistive load at the nominal power (18 kW), an ultra-low THD of 0.36% is demonstrated, as 

shown in Figure 4.7. 

4.4.3. Transient Responses under Load Step Change 

To validate the controller’s dynamic response, simulation and experimental results are 

provided in Figure 4.8-Figure 4.10. In Figure 4.8 and Figure 4.9, a step-changed three-phase 

bridge rectifier load is implemented. The RC is first adopted based on the conventional 

stationary-frame architecture (depicted in Figure 3.2) where 0N N=  and 1rK = . Results are 

obtained in Figure 4.8(a) and Figure 4.9(a). Then, comparisons are made by relocating the RC 

into Frame #1-Frame #3 in which 0 / 6N N= , 1 1dqK + = , and 1 3 0.3dq dqK K− += = , as shown in 

Figure 4.8(b) and Figure 4.9(b). The same parameters of ( )Q z , 1k  and 2k as selected in Chapter 

3 are applied in both cases. It can be seen that the dynamic performance of the proposed 

synchronous-frame approach is much superior over the conventional RC scheme. Under the step 

change of a heavily distorted nonlinear load, the load current distortion is apparently shaped by 

the instantaneous voltages. Slow convergence of the voltage errors also causes slow load current 

recovery and thus results in more non-repetitive distortions during the transients. This effect 

adversely affects the controller dynamic responses even further when the conventional repetitive 

control architecture is applied. The transient responses of the proposed synchronous-frame RC 

under a balanced linear resistive load are shown in Figure 4.10. A step change from zero to the 

nominal power (18 kW) is performed. From Figure 4.8-Figure 4.10, the feature of fast transient 

responses of the proposed controller is verified; a good agreement between the simulation and 

experimental results is obtained. 
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(b) 

Figure 4.8. Simulated transient responses for comparison of different repetitive control schemes. 

A step change is performed on the three-phase bridge rectifier load (2 kW-12 kW). (a) Transient 

responses when the conventional RC structure is adopted. (b) Transient responses of the 

proposed synchronous-frame RC. 
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(a) 

 

(b) 

Figure 4.9. Experimental results of transient responses for comparison of different repetitive 

control schemes. A step change is performed on the three-phase bridge rectifier load (2.6 kW-9.4 

kW). (a) Transient responses when the conventional RC structure is adopted. (b) Transient 

responses of the proposed synchronous-frame RC. 
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(b) 

Figure 4.10. Transient responses of the proposed synchronous-frame RC. A step change is 

performed on the balanced resistive load (0-18 kW). (a) Simulation results. (b) Experimental 

results. 
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4.5. Summary 

In this chapter, a new synchronous-frame repetitive control strategy has been presented for 

three-phase UPS inverters. By designing the repetitive controller to compensate the 

6 thn ( 0,1,2...n = ) harmonics in three different synchronous rotating frames, all the stationary-

frame odd harmonic distortions including both the (6 1)thn ±  ( 0,1,2...n = ) and the triplens are 

eliminated. Therefore, the voltage regulation requirement can be satisfied under general load 

conditions (balanced, unbalanced, nonlinear, etc.). Conventional repetitive control schemes 

suffer the drawback of slow dynamic responses caused by the long internal time delay, which is 

usually equal to one fundamental period. The proposed synchronous-frame repetitive controller 

minimizes the time delay to 1/6 of the fundamental period and significantly enhances the 

dynamic responses without sacrificing any steady state performance.  

Simulation and experimental results have been provided for validation of the proposed 

controller’s performances. The promising features including low THD and fast dynamic 

responses make the proposed controller very competitive for three-phase UPS inverter systems.  
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Chapter 5. Design and Control of Grid-

Connected Inverter in Renewable Energy 

Applications 

5.1. Introduction 

Renewable energy sources are growing rapidly in recent years along with the constantly 

growing global demand for electricity. Grid-connected voltage source inverter, usually as an 

essential part of a grid-connected renewable energy system, injects sinusoidal current to the grid 

with required low THD and high power factor. Using an LCL filter in such a system has been 

recognized as an attractive solution to reduce current harmonics around the switching frequency, 

improve the system dynamic response, and reduce the total size and cost [46]. 

Figure 5.1 shows the typical configuration of an LCL filter based single phase grid-connected 

inverter in photovoltaic applications. The inverter DC link interfaces with a PV panel either 

directly or through an intermediate DC-DC conversion stage. The DC-link voltage is usually 

controlled by the inverter through adjusting the amount of current injected to the grid.  

In this chapter, more concentration will be on the current control regardless of the DC-link 

voltage regulation. For the LCL filter, the low frequency dynamics are usually controlled by a 

current control loop while the high frequency resonant poles are usually damped by modifying 

the output filter through adding extra dissipative passive elements (passive damping) or by 

modifying the feedback control structures (active damping).  
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Figure 5.1. Typical configuration of single-phase grid-connected inverter with LCL filter. 

The advantage of active damping is its lossless feature, but they are also more sensitive to 

parameter uncertainties. Moreover, in digital control systems, the effectiveness of active 

damping is also limited by the controller sampling frequency [53], [57]. 

On the other hand, thanks to the -60dB/dec attenuation rate above the resonance frequency of 

the LCL filter, it is possible to push the resonance frequency to be very high (close to a half of 

the switching frequency) without compromising the ability of filtering out the harmonics 

associated with the pulse width modulation [46]. With a high resonance frequency, the LCL filter 

will exhibit promising features such as small size, reduced cost, and low power losses. However, 

with a limited sampling frequency, active damping becomes a very challenging task.  

It has been shown that a current controller without introducing any damping method can also 

be stabilized, as long as the LCL filter parameters and the current sensor location are properly 

selected [58]. Nevertheless, stability will be lost when the resonance frequency is very high 

(40%~50% of the sampling/switching frequency). Therefore, in this chapter, the stability 

conditions are discussed when the LCL filter has different resonance frequencies. A simple 

approach, which is to feed back the inverter side current and implement a first order low pass 

filter on the current feedback path, is proposed to obtain stability naturally when using a high-

resonance-frequency LCL filter. 
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On the other hand, the current controller performance is evaluated by the output current total 

harmonic distortions (THD), power factor and dynamic response. Repetitive control (RC) is 

known as an effective solution for elimination of periodic harmonic errors and has been 

previously investigated and validated in the UPS systems [20]-[30], active power filters [35]-

[38], boost-based PFC circuits [33], [34], and grid-connected inverters/PWM rectifiers [31], [32]. 

In Chapter 3, a 4th-order linear phase infinite impulse response (IIR) filter has been synthesized 

for the RC based UPS systems. This IIR filter is implemented to obtain very high system open 

loop gains at a large number of harmonic frequencies such that the harmonic rejection capability 

is greatly enhanced. In this chapter, a plug-in repetitive current controller is proposed. It is 

composed of a proportional part and an RC part, to which the previously designed IIR filter is 

accommodated. The proposed current controller exhibits the following superior features:  

1) High power factor is obtained.  

2) Current harmonic distortions (up to the 13th-order) caused by the grid voltage non-ideality 

are minimized. 

3) Outstanding current regulation is guaranteed in a wide range of load conditions.  

4) Fast dynamic response is achieved during load step change. 

5.2. LCL Filter Design 

In Figure 5.1, a full-bridge inverter is adopted. Sinusoidal current with a unity power factor is 

supplied to the grid through a third-order LCL filter ( 1oL , 2oL  and oC ). invi  and gi  are the output 

AC current at the inverter side and the grid side, respectively. gv  is the grid voltage. The grid 

voltage gv  is sensed to extract the instantaneous sinusoidal angle gθ , which is commonly 

known as the phase lock loop (PLL). 
*

invi  represents the grid current reference. 
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5.2.1. Design Procedure of LCL Filter  

The LCL filter is incorporated to effectively attenuate the switching frequency ripple and the 

even higher frequency harmonics. Compared to the first-order inductor filter, the LCL filter has a 

-60dB/dec attenuation rate above its resonant frequency. Therefore, with LCL filter, it is very 

feasible to push the resonance frequency above 1/3 of the switching frequency and the current 

switching ripple reduction still satisfies the requirement. 

However, if the LC resonance peak is not properly considered in the filter design or no 

damping is implemented, it makes no sense even the filter itself already achieves sufficient high 

frequency attenuation. Therefore, it must be an iterative design procedure such that we are able 

to push the LCL resonance frequency as close to the upper limit as possible, and simultaneously 

guarantees from the side of controller design that the resonance poles won’t cause instability or 

can be damped.  

In addition, two different current feedback schemes can both be good to use: inverter side 

inductor current feedback and grid side inductor current feedback. In terms of the low frequency 

characteristics, both of the two feedback schemes almost have no difference. This is because the 

reactance of the filter capacitor is very large at low frequency such that the inverter side current 

is approximately equal to the grid side current, except for the switching frequency ripples. 

Nevertheless, once considering the high frequency characteristics of the two feedback schemes, 

particularly the LC resonance, these two current feedback schemes will become totally different. 

In order to optimally design the LCL filter to achieve lowest cost size, it is also necessary to 

examine both of the two feedback schemes, respectively. 

Hence, here is the design procedure of the LCL filter: 
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1. Determine the inverter side inductance based on the current switching ripple requirement. 

Typically, the inductor current peak-to-peak ripple is around 30%~40% of the peak current of the 

fundamental frequency. 

2. Calculate the resonance (double pole) frequency of the LCL filter based on the requirement 

for grid-side current switching ripple attenuation. 

3. Determine the LCL filter capacitor value based on the requirement of the allowable reactive 

power absorbed by the inverter, which is typically 5%. It is noteworthy that the higher 

capacitance we select, the more reactive power is circulating between the inverter and the 

capacitor, which essentially decreases the inverter efficiency. Furthermore, if the inverter side 

current feedback is chosen, the capacitor selection is also limited by the power factor 

requirement. 

4. Analyze the control loop stability of using two current feedback schemes, respectively. 

When the LCL resonance frequency is selected to its upper limit determined from Step 2, it is 

usually very difficult to implement the active damping technique because the resonance 

frequency could be very close to the Nyquist frequency (half of the switching frequency), which 

hits the physical limit in digital control. Therefore, it is desirable to find other means to avoid the 

instability even without using active damping. 

5. If the control loop stability is not achievable without using active damping, then gradually 

decrease the LC resonance frequency, which means increasing the filter size and cost. Repeat 

Step 4 to analyze the stability of using two feedback schemes, respectively, until find the LCL 

filter parameters satisfies all the above requirements. 
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5.2.2. Stability Analysis of LCL Filter Based Grid-Connected 

Inverter  

The frequency response of the third-order LCL filter is to be examined before the current 

controller design. Assuming that a simple proportional controller is used, the stability of the LCL 

filter based system can be studied by Bode plots and Nyquist stability criterion. 

The Nyquist criterion in the Bode plots indicates that the number of −180◦ crossings in the 

phase-frequency response only needs to be counted in the frequency range with gains above 0 

dB. In order to obtain stability or no right half plane poles, the number of the positive crossings 

N+ must be equal to the number of negative crossings N−. Any other cases indicate instability 

[58]. 

As both the grid current feedback and inverter current feedback are considered in this chapter, 

the following two transfer functions of a lossless LCL filter from the inverter output voltage to 

the ac output current are of interest: 
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and the resonance frequency and the zero point frequency in (5.1) can be expressed as 
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For the stability analysis, the discrete control model is used. A simple proportional controller 

is assumed to be in the loop, which is considered as integration to the control plant. With 

reasonable proportional gains, the peak gain at the resonance frequency will be mostly likely 

above 0 dB. The computational delay which is approximately one and a half sampling period is 

considered in practice, which is represented by dT . Therefore, the LCL transfer function 

discretized with a zero-order hold will be adopted for analysis. Define sf , Nf  and rf  as the 

sampling frequency, Nyquist frequency (half of the sampling frequency) and LCL resonance 

frequency. 

 

(a) 

Figure 5.2. Open-loop Bode plot for different LCL-filter resonance frequencies with grid current 

feedback. (a) 0.47r Nf f= . (b) 0.94r Nf f= . 
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Figure 5.2 (cont’d). 

 
(b) 

 
(a) 

Figure 5.3. Open-loop Bode plot for different LCL-filter resonance frequencies with inverter 

current feedback. (a) 0.47r Nf f= . (b) 0.94r Nf f= . 
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Figure 5.3 (cont’d). 

 
(b) 

Figure 5.2 and Figure 5.3 show the open loop Bode diagrams when different LCL-filter 

resonance frequencies are selected. In Figure 5.2, the grid current feedback is adopted. It can be 

seen that when rf  is selected as a lower value, the system will be stable. Once rf  is moving to a 

higher value, which is close to the Nyquist frequency Nf , the phase curve will exhibit further 

delay around rf . The maximum phase delay will reach 540− �
 and results in instability. 

Likewise, when the inverter current feedback is used, as shown in Figure 5.3, the system is 

always unstable when rf  is moving from 0.47 Nf  to 0.94 Nf . However, it is noticeable that with 

the inverter current feedback, the minimum phase delay is almost 180− �
 when rf  equals to 

0.94 Nf . 

Moreover, it is very desirable to design the LCL filter with a resonance frequency as high as 

possible, given the condition that the switching ripple attenuation is not compromised. Because 
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of the -60dB/dec high frequency attenuation, we are still able to obtain a switching ripple less 

than 2% even when r Nf f= . It is worth noting that in Figure 5.3(b), the system will become 

stable as long as a little more phase delay can be added around the resonance frequency, making 

the phase delay between 180− �
 and 540− �

 around rf . The simplest effective method is to place 

a low pass filter in the loop. On the one side, the low pass filter is able to cancel out some of the 

switching ripple noises. On the other side, the low pass filter can also introduce more phase delay 

to the system and help to obtain desired phase margin at the two 0 dB crossing points. The 

details will be discussed in the next section. 

5.3. Current Controller Design 

In this chapter, the LCL parameters are selected by following the guidelines as previously 

discussed. The current sensor is placed at the inverter side instead of the grid side. Table 5.1 

summarizes the key parameters of the full-bridge inverter. 

 
Table 5.1. Full-Bridge Inverter Parameters 

HVS DC link voltage 370V 

Switching frequency  10.8 kHz 

Sampling frequency 10.8 kHz 

Rated output power  210 W 

Grid voltage 180 V ~ 240 V 

Grid line frequency 60 Hz 

Filter inductor ( 1 2,o oL L ) 8.5 mH 

Filter capacitor ( oC ) 330 nF 
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5.3.1. Inverter Transfer Function Using a Low Pass Filter 

The control-output-to-inverter-current transfer function in the continuous time domain can be 

derived as 

2
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where 1r  and 2r  represent the equivalent series resistance of 1oL  and 2oL , respectively. Based on 

the power loss estimation of the inductors, 1 1.4r = Ω  and 2 1.0r = Ω . From (5.5), the LC 

resonance frequency is 
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The system hardware and software delay is summarized as dT , which is typically around one 

and a half sampling period ( 140dT sµ= ). In order to reduce the switching noises in the sensed 

inverter current as well as obtain extra phase delay around the resonance frequency, an analog 

low pass filter (5.7) is placed on the current feedback path.  

( )
fc

LPF
fc

F s
s

ω

ω
=

+
                                                       (5.7) 

The cut-off frequency is chosen as 
44 10 /fc rad sω = × . Therefore, by using the zero-order 

hold discretization scheme, the entire plant combining (5.5) and (5.7) can be discretized as  

2 3 4 5 6

1 2 3 4

0.00265 0.00548 0.00474 0.00559 0.000254
( )

1 0.5468 0.5653 0.9606 0.024
inv

z z z z z
G z

z z z z

− − − − −

− − − −

+ + + +
=

+ − − +
         (5.8) 
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5.3.2. Proportional + Repetitive Current Control Scheme 

+
− +

( )Q z
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z

1k
rK z+ 2pK ( )invG z

*
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+ ++

( )d z

++
( )zε

( )prcC z

 

Figure 5.4. Block diagram of the proposed plug-in repetitive controller. 

The plug-in digital repetitive controller is designed as Figure 5.4 shows. The conventional 

proportional controller with a gain of 2pK  is incorporated to guarantee fast dynamics. The RC is 

then plugged into the system and operates in parallel with the proportional controller.  

( )zε  and ( )d z  represent the tracking error and the repetitive disturbances, respectively.  

The modified internal model, which is denoted by the positive feedback loop inside the RC, 

plays the most critical role in the proposed current regulator. 
N

z
−

 is the time delay unit where 

N  denotes the number of samples in one fundamental period. In an ideal RC, a unity gain is 

along the positive feedback path such that all the repetitive errors based on the fundamental 

period are completely eliminated when the system reaches equilibrium. However, in order to 

obtain a sufficient stability margin, a zero-phase low pass filter is often incorporated rather than 

the unity gain. This can be realized by cascading a linear phase low pass filter ( )Q z  and a non-

causal phase lead compensator 2k
z . 1kz  is another non-causal phase lead unit which 

compensates the phase lag of ( )invG z , particularly at high frequencies. Here 1k  and 2k  both 

stand for the number of sampling periods. rK  is the constant gain unit that determines the weight 

of the RC in the whole control system. 
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From Figure 5.4, the transfer function of the entire plug-in RC current regulator can be 

described as  

1
2

2
2

( )
1 ( )

kN
r p

prc pk N

K K z z
C z K

Q z z z

−

−
= +

−
                                        (5.9) 

Determination of 2pK  can be guided by examining the root locus of ( )invG z . In practice, the 

filter inductors 1oL  and 2oL  are subject to parameter variation due to the permeability roll-off at 

high power. Hence, 1 2 8.5o oL L mH= =  and 1 2 6o oL L mH= =  are both plugged into (5.5) to plot 

the root locus of ( )invG z , as shown in Figure 5.5.  

 

(a) 

Figure 5.5. Root locus of ( )invG z . (a) 1 2 8.5o oL L mH= = , (b) 1 2 6o oL L mH= = . 
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Figure 5.5 (cont’d). 

 

(b) 

Equation (5.8) is modified accordingly for the case 1 2 6o oL L mH= = . Two pairs of conjugate 

poles appear on the unity circle as shown in Figure 5.5(a) and (b), representing the critical stable 

conditions. Hence, 2 145pK <  and 2 100pK <  are the stability requirements in the two cases 

respectively. In order to guarantee a sufficient stability margin, 2 50pK =  is selected. 

Figure 5.6 shows the bode plot of 2 ( )p invK G z when 50pK = . Considering the LCL filter 

parameters uncertainty, the inductor with 8.5 mH each and 6 mH each are considered, 

respectively. The phase margin is greater than 40�  as shown in Figure 5.6, indicating a good 

stability. 
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Figure 5.6. Bode plot of 2 ( )p invK G z  ( 2 50pK = ). 

From Figure 5.4, the tracking error ( )zε  can be derived as 

1
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                                 (5.10) 

It is noticeable that a larger 2pK  will result in a smaller tracking error during the transient 

because the second summation term on the right side of (5.10) is reduced. This exactly explains 

the function of the proportional control part. 

Let 
1

22
2

2 2

( )
( ) ( ) ,  [0, ]

1 ( )

k
r p invk

j Tswz e
p inv sw

K K z G z
H z Q z z

K G z T
ω

π
ω

=
= − ∈

+
, in which 2swT  is also the 

sampling period. A sufficient condition for the system stability is 
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2( ) 1
j TswH e
ω <                                                           (5.11) 

With further manipulation on (5.10), the steady state error can be derived as 

[ ]

2
*

2
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( ) ( ) ( )
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inv
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Q z z
z i z d z

K G z H z
ε

−
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 + − 

                              (5.12) 

From (5.11) and (5.12), the general design criteria of ( )Q z  for obtaining a good stability as 

well as a small steady state error can be summarized as: 1) ( )Q z  must have sufficient attenuation 

at high frequencies; 2) ( )Q z  must be close to unity in a frequency range which covers a large 

number of harmonics; 3) 2( )
k

Q z z  must have a zero phase when ( )Q z  is close to unity. 

In Chapter 3, a 4th-order linear phase IIR filter is synthesized for the repetitive voltage 

controller for UPS systems. Compared with the conventional linear phase finite impulse response 

(FIR) filters used for the repetitive control, the linear phase IIR filter exhibits a flat gain in the 

pass band and a much faster roll off in the transition band, when the filter order is given [39]. 

Hence, it is a good candidate for the repetitive current controller here as well. 

In practice, ( )Q z  is synthesized by cascading a 2nd-order elliptic filter ( )eQ z  and a 2nd-order 

all-pass phase equalizer ( )aQ z . ( )Q z , ( )eQ z  and ( )aQ z  are expressed by (5.13)-(5.15). 

( ) ( ) ( )e aQ z Q z Q z=                                                         (5.13) 

1 2

1 2

0.1385 0.2564 0.1385
( )

1 0.7599 0.2971
e

z z
Q z

z z

− −

− −

+ +
=

− +
                                    (5.14) 

1 2

1 2

0.1019 0.6151
( )

1 0.6151 0.1019
a

z z
Q z

z z

− −

− −

− +
=

− +
                                          (5.15) 
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(a) 

 
(b) 

Figure 5.7. Locus of the vector 2( )
j TswH e
ω

. (a) 0.3rK = , 1k  is varying; (b) 1 4k = , rK  is 

varying. 
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The bode plots of ( )eQ z , ( )aQ z  and ( )Q z  are referred to Figure 3.5. The linear phase region 

of ( )Q z  is from 0  to 1403 Hz (8816 /rad s ). 2 5k =  is selected to compensate the phase delay 

of ( )Q z  to zero. The maximum pass band gain and the cut-off frequency of ( )Q z  is 0.9975  and 

1670 Hz , respectively.  

The locus of 2( )
j TswH e
ω

 is useful for guiding the selection of rK  and 1k . The fundamental 

principle for choosing rK  and 1k  is that 2( )
j TswH e
ω

 should keep a sufficient margin from the 

unity circle when ω  increases from 0 to the nyquist frequency 2swTπ . When rK  and 1k  are 

assigned with different values, 2( )
j TswH e
ω

 can be plotted in Figure 5.7(a) and (b). In Figure 

5.7(a), rK  is fixed, 1 4k =  renders a good stability margin. Likewise, 0.3rK =  would be an 

appropriate choice from Figure 5.7(b). 

( ) ( )prc invC z G z  denotes the open loop gain of the plug-in repetitive control system. In 

particular, the magnitude of ( ) ( )prc invC z G z  at the frequencies of the fundamental as well as 

high order harmonics determines the steady state tracking error. ( ) ( )prc invC z G z  is plotted in 

Figure 5.8. It can be observed that the open loop gain peaks are higher than 40 dB and 20 dB at 

the harmonic frequencies up to the 9th order and 13th order respectively, which yields an 

excellent harmonic rejection capability. 
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Figure 5.8. Frequency response of ( ) ( )prc invC z G z . 

5.4. Experimental Results 

A 210 W single-phase inverter with an output LCL filter has been built and experimentally 

tested in the laboratory. The inverter is controlled by the 32-bit digital signal processor (TI 

TMS320F28035). The validity of the LCL filter design as well as the plug-in repetitive current 

controller design are verified by the following experimental results. 

The steady state grid voltage and current waveforms and the corresponding harmonic 

spectrums are depicted in Figure 5.9. Both heavy load and light load conditions are tested to 

verify the current controller performance. As can be seen from Figure 5.9(a), the proposed plug-

in RC achieves a THD as low as 1.31% and a high power factor of 0.998 under heavy load. Low 

THD (3.721%) and high power factor (0.99) are still obtained even when the load is reduced by 

2/3, as shown in Figure 5.9(c). 
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(a) 

 

(b) 

Figure 5.9. (a) Steady state grid voltage and current at heavy load when using the proposed 

repetitive current controller. (b) Harmonic spectrum in (a). (c) Steady state grid voltage and 

current at light load when using the proposed repetitive current controller. (d) Harmonic 

spectrum in (c). 
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Figure 5.9 (cont’d). 
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(100 V/div)

(0.5 A/div)

Power factor: 0.99
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(c) 

 

(d) 

Comparison has been made by testing the single-phase inverter system with conventional 

proportional + resonant controller (Figure 5.10).  
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(a) 

 

(b) 

Figure 5.10. (a) Steady state grid voltage and current at heavy load when using the conventional 

proportional + resonant current controller. (b) Harmonic spectrum in (a). (c) Steady state grid 

voltage and current at light load when using the conventional proportional + resonant current 

controller. (d) Harmonic spectrum in (c). 
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Figure 5.10 (cont’d). 
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The conventional proportional + resonant controller is designed with the same bandwidth of 

the proposed repetitive + proportional controller. In this case, the controller does not possess 

harmonic compensation capabilities and thus the current regulation is much worse than the 

previous case. Especially for the light load condition, the current THD goes as high as 13%, 

which is considerably higher than the 5% criterion. 

Dynamic responses of the plug-in RC are verified by the experimental results in Figure 5.11. 

Figure 5.11(a) and (b) show the results when the full-bridge inverter is tested independently. In 

Figure 5.11(a) and (b), the grid current reference is step changed from 0.33 A to 1 A and 1 A to 

0.33 A, respectively. The proportional part in the plug-in RC enables the controller to respond to 

the abrupt reference change promptly. Meanwhile, the RC part cancels the harmonic distortions 

in several fundamental cycles following the step change. 

gv (250 V/div)20 ms/div

(1 A/div)gi

0V

0A

 

(a) 

Figure 5.11. Transient responses under load step change. (a) Grid current step change (0.33 A to 

1 A). (b) Grid current step change (1 A to 0.33 A). 
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Figure 5.11 (cont’d). 

gv

gi

 

(b) 

5.5. Summary 

A single-phase inverter based on a LCL filter for grid-connected photovoltaic systems has 

been presented in this chapter The LCL filter is designed with very high resonance frequency 

such that the filter size, cost and power loss can reduced significantly. A plug-in repetitive 

current regulator was proposed and illustrated. By properly selecting the current sensor locations 

as well as placing a first order low pass filter on the feedback path, the control loop does not 

require any extra damping method and is significantly simplified. With only one current sensor 

used, low cost of the controller is achieved. Simulation and experimental results of the 210 W 

prototype were shown to verify the performance of the LCL filter based grid-connected inverter 

system and the current control strategy. Moreover, the current injected to the grid is regulated 

precisely and stiffly. High power factor (> 0.99) and low THD (1.32% ~ 3.72%) are obtained 

under both heavy load and light load conditions.  
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Chapter 6. Control of an Offshore Wind 

Farm Grid-Connected Inverter System 

6.1. Introduction 

Power electronic converter plays an important role in distributed generation and in integration 

of renewable energy sources into electrical grid. Taking modern wind turbine as an example, it is 

inevitable to adapt back-to-back voltage source inverter (VSI) for grid connection via either 

HVAC or HVDC transmission cable. Among the existing offshore wind farms, the HVAC 

interconnection has been widely used, such as in Denmark’s Horns Rev wind farm, Nysted wind 

farm, United Kingdom’s Barrow wind farm and so on. Figure 6.1 (a) shows the diagram of a 

typical wind generation system with HVAC transmission. In practice, a group of wind generators 

are connected to an onshore collection point through VSI, step-up transformers and HVAC 

submarine cables.  

It is well-known that switching-mode power converter (i.e., VSI) would generate harmonics, 

which potentially pollute the connected utility. To prevent the pollution of the utility by high-

frequency current ripple, an filter, typically LC type, is usually installed at the output of the 

inverter. The capacitor is used to provide a low-impedance path for the high-frequency 

components. Generally, the transmission line is usually simplified as an inductor for the 

convenience of grid-connected inverter design. Hence, the inverter actually outputs with an 

equivalent LCL filter.  
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Figure 6.1. Configuration of a typical HVAC grid-connected offshore wind farm. 

Passive and active damping techniques are often used to attenuate the resonant peaks caused 

by LCL filter. However, the passive damping causes a decrease of the overall system efficiency 

because of the losses on the additional components. Alternatively, multi-loop and filter-based 

active damping techniques were developed to eliminate the resonant peaks instead of adding any 

passive devices. In the multi-loop based damping, more system state variables are involved into 

the control loop to guarantee the system stability [100]-[102]. That means two or even more 

control loops are required to damp the system resonant peaks. In the filter-based damping 

methods, a higher order controller (filter) is used to regulate the low-frequency dynamics and 

damp the potential unstable high-frequency dynamics [58]. The design of the filter can be 

divided into analogy-based and digital based approaches. In both cases, this class of the active 

damping methods has the advantage that it does not need more sensors.  

As aforementioned, the transmission line is usually equivalent as the inductor. However, 

because of relative long distance from the onshore main grid, the distributed inductance and 
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capacitance along the HVAC transmission system is too significant to be ignored [89], [95]. 

Typically in the range of 100–150 kvar/km for 33-kV cross-linked polyethylene (XLPE) cables, 

1000 kvar/km for 132-kV XLPE cables, and 6–8 Mvar/km for 400-kV XLPE cables [85]. Due to 

the high capacitance of the cable, the inverter filter and the transformer leakage inductance as 

illustrated in Figure 6.1, a series of resonances may occur between the onshore and offshore 

grids that leads to a distortion in the shape of the voltage/current, which in turn, potentially result 

in system instability. According to the authors’ knowledge, no systematic study regarding the 

resonances of the submarine HVAC transmission system has been reported.  

In this chapter, a per-unit scale single-phase equivalent model of the HVAC connected wind 

generation system is developed. The system modeling is firstly derived with consideration of the 

HVAC cable characteristics and then frequency domain analysis is provided for better 

understanding of system essential behavior. Due to the high order of LC configuration, the 

system open-loop transfer function exhibits a series of significant high-frequency resonant peaks, 

which makes the control loop gain of conventional controller quite small in order to guarantee 

system stability. Consequently, the steady state error of the system output (i.e., current) is unable 

to track a sinusoidal reference. Hence, in this chapter, a cascaded notch-filter based active 

damping method is proposed to address the resonant peaks. Furthermore, the proposed controller 

also consists of proportional- resonant component to reduce steady-state error of the output 

current. In order to facilitate the simulations and experimental tests that are carried out later on, 

all per unit parameters are proportionally reconstructed into actual values in the 120Vac emulator 

system. The simulation and experimental results validate the findings of resonances and the 

performance of the proposed controller. Since in practical applications, the transmission cable 

parasitic parameters has a considerable amount of uncertainty, an auto tuning algorithm is then 
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discussed, which can automatically detect the system resonance frequencies and thus the 

damping controller notch frequencies can be placed much more accurately. 

6.2. Equivalent Model of Offshore Wind Farm Transmission 

System 

Considering the offshore wind farm system shown in Figure 6.1, if every wind turbine 

generator and the associated VSC are identical, all these distributed power sources can be simply 

considered as one single source [90]. To make the analysis more convenient, the system in 

Figure 6.1 can be further simplified into a per unit scale single-phase AC system, where all the 

transformers are eliminated. Figure 6.2 shows the simplified equivalent model of the offshore 

wind farm.  

1TL llL 2TL

fL

fC

 

Figure 6.2. Equivalent single-phase circuit of the HVAC offshore wind farm in per unit scale. 

In Figure 6.2, the wind turbine is connected to a permanent magnet synchronous generator 

(PMSG) and then fed to a VSC. fL  and fC  represent the VSC’s output filter tank. The 

impedance of transformer T1, the local 33kV submarine cable, and the impedance of transformer 

T2, which are shown in Figure 6.1, are represented by 1TL , llL , 2TL . The main HVAC 

submarine cable is connected between T2 and the onshore main grid.  
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In this dissertation, our main interest is concentrated on the resonance issues after the VSC. 

Hence, an emulator system shown in Figure 6.3 can be further developed, where the wind turbine 

generator and VSC are represented by one single-phase inverter. 1TL , llL , 2TL  in Figure 6.2 are 

merged together as one single inductor rL . fr  and rr  stand for the equivalent series resistance 

(ESR) along with fL  and rL . 

tlL

/ 2tlC

tlr tlr tlr

/ 2tlC
dcV

1S 3S

2S 4S

fL fr
rL rr

( )tlZ s

fC

outi

outvinvv
gv

 

Figure 6.3. Proposed 120Vac single-phase offshore wind farm emulator system. 

The high frequency characteristic of the 150kV submarine cable has a significant impact on 

the entire system frequency response. Therefore, the submarine cable modeling is very critical 

here. It is known that submarine cable has large shunt capacitance. For long distance 

transmission, the transmission line effect can no longer be neglected. In practice, a transmission 

line can be mimicked by a lumped LC network with finite number of cells [95], [96]. More 

number of cells gives better equivalence in terms of high-frequency characteristics. In reality, 

due to the significant impact of the conductor skin effect at high frequencies, the ESR along the 

submarine cable becomes dominant, giving sufficient passive damping naturally. In practice, a 

total of 6 cells of π  model will be far enough to mimic the submarine cable, as shown in Figure 

6.3. tlL , tlC  and tlr  represent the series inductance, shunt capacitance and ESR in each cell.  
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Considering the skin effect in a cylindrical conductor, the ESR in each cell can be expressed 

in Laplace form as given in (6.1). 0tlr  is the ESR at 0f , where the skin depth equals to the radius 

of the conductor.  

2 0 2
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1
( )

2
1 1

tl s j f tlr s r

j f

s

π
π

= = ⋅
 

− −  
 

                                        (6.1) 

( )tlZ s  is the input impedance of submarine cable seen from the offshore end. The transfer 

function from the inverter output voltage ( )invv s  to the output current ( )outi s  is represented by 

( )invP s , as given by (6.2). 
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          (6.2) 

The key parameters of the offshore wind farm for study is summarized in Table 6.1. The 

system has a rated power capacity of 3MVA. 45km ABB XLPE cable is used for the 150kV 

HVAC power transmission. According to the cable datasheet, the calculated ESR loss is around 

3.6% at 60Hz. However, if skin effect is taken into account, the calculated ESR loss increases to 

14.1% at 1kHz and 23.62% at 3kHz, respectively, according to (6.1). The local line impedance 

rL , which is a summation of the transformer impedance and the local 33kV submarine cable 

impedance, is regarded as an uncertain parameter here and can vary from 1% p.u. to 15% p.u. 

depending on the specific system. 
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Table 6.1. Parameters of the offshore wind farm system 

HVAC transmission voltage 150 kV 

Rated power   3 MVA 

Local line impedance ( rL ) 2% ~15% 

Fundamental frequency 60 Hz 

Main cable length 45 km 

Main cable type ABB XLPE 

Main cable cross section area 630 sqmm 

Main cable resistivity 0.0146 Ohm/1000 ft 

 

 

Table 6.2. Parameters of the emulator system 

Nominal voltage 120V 

Nominal current   8A 

Local line impedance ( rL ) 1% ~15% p.u.  

Output filter inductance ( fL ) 700 uH (1.76% p.u.) 

Output filter capacitance ( fC ) 0 ~ 50uF (0~28.3% p.u.) 

Lumped LC network cell No. 6 cells 

Inductance per cell ( tlL ) 700 uH (1.76% p.u.) 

Capacitance per cell ( tlC ) 3 uF (1.7% p.u.) 

ESR per cell ( 0tlr ) 72.5 mOhm (0.48% p.u.) 

 
Sampling/switching frequency 10kHz 

 

Keeping the per unit values of the system parameters in Table 6.1 constant, the scaled-down 

emulator system depicted in Figure 6.3 can be developed with the parameters listed in Table 6.2. 

For simplification, it is assumed that the ESR rr  and fr  are both around 1% p.u.. 
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6.3. Frequency Domain Analysis and Controller Design 

6.3.1. Modeling of Long Transmission Cable 

Figure 6.4 shows the schematic diagram of one-phase HVAC cable as well as its impedance 

characteristic. As illustrated in Figure 6.4(a), the input impedance of a lossless transmission 

cable terminated with an ideal voltage source is defined as  

( )
( )

tanh

( ) tanh 1

g C
tl C

g C

Z Z l
Z Z

Z Z l

γ

γ

+
=

+
                                              (6.3) 

Where g g gZ V I=  is the grid-side impedance. z yγ = ⋅  is called the propagation constant 

and /CZ z y=  is called the characteristic impedance of the line. z = ωL and y = ωC are the 

per unit length series impedance and shunt admittance of the cable, respectively. From (6.3), Ztl 

of the lossless transmission line is a transcendental function with an infinite number of j-axis 

poles and zeros. Figure 6.4(b) shows the theoretical Ztl of the transmission cable, when Zg is 

zero.  

On the other hand, it is worthy to point out that the current density in AC circuits is greater 

near the outer surface of the conductor, which is so-called skin effect. Near to the center of the 

conductor there are more lines of magnetic force than near the rim. This causes an increment in 

the inductance toward the center and the current tends to crowd toward the outer surface. As a 

sequence, with the increase of operating frequencies, the effective cross section area of the 

conductor would decrease and thereby the ESR along the cable becomes dominant, giving 

sufficient passive damping naturally. Hence, with the concern of conductor skin effect, the poles 

and zeros as shown in Figure 6.4(b) could be attenuated accordingly when the frequency 
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increases. Figure 6.5 shows the impedance of a transmission cable with concern of skin effect. 

The cable parameter used here is listed in Table 6.1 and Table 6.2. 

  

(a) Schematic diagram 
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(b) Impedance of a cable of length l terminated in a short circuit 

Figure 6.4. One-phase of a HVAC cable 
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Figure 6.5 Impedance characteristic of the transmission cable 
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(a) Simulation 

Figure 6.6. Frequency responses of the lumped LC network input admittance. 
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Figure 6.6 (cont’d). 

 

(b) Experiment 

The input admittance response of the lumped LC network used to mimic the submarine cable 

is shown in Figure 6.6. Figure 6.6(a) gives the frequency domain simulation result based on the 

cable parameters listed in Table 6.1 and Table 6.2. The first resonance poles are located around 

1.8kHz. Due to skin effect, the resonance peaks have more damping at higher frequencies. A 

prototype of 6-cell lumped LC network was built and tested in the laboratory. Figure 6.6(b) 

shows the experimental measurement. Because of the greatly increased inductor core loss at 

higher frequencies, more damping was observed compared to the simulation result. Nevertheless, 

it is still good enough to verify the concept. 
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6.3.2. Resonances in the Offshore Wind Farm System 

 

(a) Magnitude-frequency response 

 

(b) Phase-frequency response 

Figure 6.7. Bode plot of ( )invP s  under different line impedances. 
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Since the output current outi  is the control target, the transfer function from the inverter 

output voltage invv  to outi , represented by ( )invP s , is of our interest. From (6.2), the bode 

diagram of ( )invP s  can be plotted as in Figure 6.7 and Figure 6.8.  

In Figure 6.7, the output filter capacitance is fixed to 20uF (11.3% p.u.), ( )invP s  is plotted 

under different local line impedances ( rL ). If ( )invP s  is multiplied by a gain pK  to obtain a 

cross-over frequency around 240Hz, it is noticeable that better gain margin at high-frequency 

resonance peaks can be achieved when higher rL  is selected.  

 

(a) Magnitude-frequency response 

Figure 6.8. Bode plot of ( )invP s  under different filter capacitances. 
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Figure 6.8 (cont’d). 

 

(b) Phase-frequency response 

In Figure 6.8, rL  is fixed to 1.76% p.u., ( )invP s  is plotted under different output filter 

capacitance ( fC ). Likewise, higher fC  brings better high frequency attenuations of ( )invP s . 

One particular example is that fC  is not implemented in the output filter. In this case, multiple 

high-frequency resonance peaks will exceed 0dB, making the system extremely difficult to 

compensate. 

Therefore, a conclusion can be drawn from the above analysis: larger rL  and fC  leads to 

more desirable high-frequency characteristics of ( )invP s . But on the other side, larger rL  and 

fC  simultaneously result in more reactive power flowing in the transmission system.  

Consider a worst case in which rL  is very small (assumed as 1.76%). From Nyquist law, in 

order to actively compensate the high-frequency resonance poles, the controller sampling 
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frequency should be sufficiently higher than twice of the resonance frequencies. In high power 

converters, switching and sampling frequencies typically do not exceed 10kHz. Resultantly, a 

practical active damping compensator should only compensate the first two resonance peaks 

(below 2kHz). Based on this constraint, the filter capacitance fC  is selected as 20uF (11.3%) 

minimum. 

6.3.3. Notch Filter Based Active Damping Control 

A current control strategy is proposed as shown in Figure 6.9.  

+
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Figure 6.9. Block diagram of proposed current control strategy. 

As aforesaid, it is possible to make the system stable by drastically reducing the proportional 

gain of the PI controller. However, this yields poor bandwidth and disturbance rejection 

capability. Hence it will be not considered here. The requirement for the potential control 

strategies is to obtain resonance damping while preserving reasonable bandwidth as well as 

stability and robustness margins.  

To achieve this target, filter-based damping strategies will be explored to address the 

resonance peaks of the system open-loop transfer function GC(s)Pinv(s) as illustrated in Figure 

6.9. The performance/effectiveness of filter-based damping techniques will be evaluated by the 

following two criterions: The first one is to attenuate the resonance peak of the gain response. 

However, as the resonance peak is very high, a rather sharp filter characteristic is required. 
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Otherwise, the closed-loop bandwidth is decreased considerably. On the other hand, it is required 

to avoid 180 degree crossings in the frequency range with a gain above 0-dB. Note that the gain 

and phase responses cannot be modified separately.  

With the above theoretical analysis, notch filter is found very suitable to damp the gain 

resonance since its stop-band filter characteristic. Hence, the notch filter aims to damp the 

resonant peaks of the open loop transfer function. The continuous transfer function of the 

standard notch filter can be expressed as, 

2 2

, 2 2
i i i

notch i

i i i

s m s
G

s n s

ω ω

ω ω

+ +
=

+ +
                                                (6.4) 

Where, iω  is the notch frequency where signal can be mostly attenuated by the filter. The 

deepness and wideness of the notch filter will be decided by the damping of the zeros and of the 

poles of the filter, respectively. Actually, the notch filter is often used to filter out the undesired 

signal in the specific frequency only. Figure 6.10(a) shows the bode plot of the notch filter. It has 

a V-shape magnitude characteristic, with the gain remaining fairly close to unity up to the 

neighborhood of the notch point, then falling off abruptly with a descending rate much greater 

than that of a second-order filter. This behavior is suitable for canceling out the resonant peak 

without appreciable attenuation at lower frequencies.  

Again, the multiple resonant frequencies are existed with the consideration of the cable 

characteristic. It is required to attenuate multiple resonance peaks by notch filters in order to 

maintain system stability. As a sequence, the so-called cascaded notch-filter (multiple notch 

filters in series) is proposed to damp the significant resonance peaks. The order of the cascaded 

notch filter is determined by the number of peaks, of which the magnitude is above 0-dB. 
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(a) Notch filter 

 

 (b) PR controller 

Figure 6.10. Bode plots of the notch filter and the proportional resonant (PR) controller 
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On the other hand, proportional-resonant (PR) controller is able to provide high gain at 

fundamental frequency and thus reduces the steady-state error. The expression of a proportional 

resonant controller is as follows: 

2 2
0

2

2 ( )

R C
PR P

C

K s
G K

s s

ω

ω ω
= +

+ +
                                          (6.5) 

Where, Cω  is the equivalent bandwidth of the controller. PK
 
and RK  are the proportional 

and resonant gain, respectively. 0ω  is the frequency that needs a high gain on it. Cω  needs to be 

set as small as possible because a large Cω  will introduce a phase lag toward the crossover 

frequency and thus decreases the phase margin. Figure 6.10(b) shows the bode plots of the PR 

controller.  

The voltage across fC  ( outv ) is sensed for PLL and feed forward. In order to reduce the 

sensitivity of outv  to the high frequency disturbances, a low pass filter is incorporated here. The 

proposed current controller ( )cG s  is expressed in (6.6). Two notch filters are cascaded for the 

active damping compensation. The two notch filters are aligned at 1.2 kHz and 1.85 kHz, 

respectively. The controller delay is expressed as 
1.5sTse
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The system bode diagram after compensation is plotted in Figure 6.11. Within a certain range 

of the filter inductance variation, for example 1.25% p.u. ~2.5% p.u. here, the compensated high-

frequency resonance poles are well below 0 dB. A phase margin of 60 degrees is achieved at the 

cross-over frequency 240Hz.  
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(a) Magnitude frequency response 

Figure 6.11. Bode plot of ( ) ( )c invG s P s  under parameter variations. 
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Figure 6.11 (cont’d). 
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(b) Phase frequency response 

6.3.4. Cable Parameters Uncertainty and Resonance Frequency 

Auto-Detection 

Based on the previously proposed notch filter damping control technique, one particular 

question will come up. What if the cable resonance frequencies are not aligned with the notch 

frequencies due to cable parameters uncertainty? Therefore, it is desired to also analyze the 

damping controller performance given a certain parameters variation range.  

Figure 6.12 shows the open loop transfer function bode plot when the transmission cable has a 

+-20% tolerance of its inductance and capacitance.  
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From Figure 6.12(a), it is shown that the notch filter can appropriately damp the resonance 

peaks under 0dB within the +-20% cable parameter tolerance, even when the notch frequency is 

not exactly aligned with the resonance frequencies. However, we can see the gain margin is not 

very large especially when the cable inductance and capacitance are both located at the lower 

boundary (-20%). From Figure 6.12(b), there’s minimal impact from the cable parameter to the 

phase margin at the 0dB cross-over frequency due to the cable parameter tolerances. 

 

(a) Magnitude frequency response 

Figure 6.12. Bode plot of ( ) ( )c invG s P s  with +-20% tolerance of cable parameters. 
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Figure 6.12 (cont’d). 

 

(b) Phase frequency response 

Figure 6.13 shows the open loop transfer function bode plot when the transmission cable has a 

+-30% tolerance of its inductance and capacitance. It can be seen that when the inductance and 

capacitance are both reduced by 30%, the first resonance peak of the loop gain curve is above 

0dB, which results in instability. 

Fortunately, with the advancement of digital control, it is possible to automatically detect the 

resonance frequencies of the system ( ( )invP s ). Figure 6.14 shows the auto damping control 

scheme particularly designed for the interested offshore wind farm system. 
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(a) Magnitude frequency response 

Figure 6.13. Bode plot of ( ) ( )c invG s P s  with +-30% tolerance of cable parameters. 
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Figure 6.13 (cont’d). 

 

(b) Phase frequency response 
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Figure 6.14. Auto damping control scheme. 

An offshore wind farm emulator system composed of a full-bridge single-phase inverter, an 

LC filter, a line inductor, a lumped LC network with 6 π -model cells, and a 120Vac grid has 

been set up in the laboratory. rL  is selected as 700uH (1.76%).  

The concept in Figure 6.14 is to automatically search for the transmission system resonant 

frequencies during inverter start up. Once the system resonance frequencies are detected after the 

inverter start up, then align the notch filter frequencies with the resonances. 

Steps of the auto damping control scheme: 

1. Use a low gain P controller which guarantees the closed-loop system stability. This is very 

important since if the stability is not guaranteed, the resonances occurring in the system will 

affect the voltage and current measurement accuracy during the auto damping scheme running. 
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On the opposite, a stable system with low proportional gain will guarantee the convergence of 

the auto damping scheme. 

2. Inject a pure sinusoidal perturbation signal into to the current feedback signal. 

3. Sweep the frequency of the perturbation signal within the interested frequency range. 

Measure the small signal gain from the modified current feedback to the original current 

feedback. 

4. Find the peaks of the measured small signal gain and the associated frequencies. Tune the 

notch filter frequencies accordingly. 

5. Switch from the low gain P controller to the desired PR + notch filter controller. 

This auto damping control scheme is very similar to the function of a network analyzer, which 

sweeps the frequency of the injected perturbation signal and measures the transfer function from 

the system input to the output such that the frequency response of any unknown system can be 

recorded. In practice, once the real offshore wind farm system using long undersea cables is 

built, the system parameters are relatively fixed, except for the change caused from temperature, 

ocean flow, and other environmental factors. Therefore, the control in a real offshore wind farm 

system does not require continuous online measurement of the system physical characteristics. 

The proposed auto damping scheme can be activated once a while for calibration purposes. 

Due to page limit and the scope of this dissertation, more details of the proposed auto 

damping technique will not be discussed, which is left for future work. 
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6.4. Simulation and Experimental Results 

An offshore wind farm emulator system composed of a full-bridge single-phase inverter, an 

LC filter, a line inductor, a lumped LC network with 6 π -model cells, and a 120Vac grid has 

been set up in the laboratory as Figure 6.15 shows. rL  is selected as 700uH (1.76%).  

 

Figure 6.15. 120Vac emulator system experimental setup. 

For the purpose of the system stability, the proportional gain Kp of the current controller is 

limited due to the peaks existing at the resonant frequencies of the open loop transfer function, as 

illustrated in Figure 6.7. Hence, the control loop gain for the traditional strategy (the PI 

controller) is quite small, and thereby the steady-state error of the system output will be 

significant. To address this challenge, the PR controller is used to replace the PI controller for 

purpose of reducing steady-state error.  
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Figure 6.16. Simulation waveforms of the cable current and the filter capacitor voltage with the 

PR controller only. 

Figure 6.16 shows the simulation results of the filter capacitor voltage, the input current of the 

cable and its spectrum analysis with the PR controller only. The system would be unstable due to 

the resonant peaks. From the current spectrum analysis, it can be found that a series of resonant 
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frequencies are existed from around 1.2 kHz to 2 kHz, which is coordinated with the 

aforementioned theoretical analysis.  

 

 

 

Figure 6.17. Simulation waveforms of the cable current and the filter capacitor voltage with one 

notch filter with center frequency at 1.2 kHz. 
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As a result, there are significant resonances both in the cable current and filter capacitor 

voltage, and thereby cause system unstable. Hence, the conventional system would encounter the 

challenge of system stability with the consideration of the transmission cable characteristics. 

With the compensated strategy, the cascaded notch filter is adapted to compensate the 

resonant peaks caused by the system setup. In case of one notch filter centered frequency at 1.2 

kHz, the compensated results of the capacitor voltage, the cable current and its spectrum analysis 

are illustrated in Figure 6.17. To some extent, the resonant phenomenon can be relieved by the 

notch filter since one of the resonant peak can be attenuated, however, the other significant peak 

at 1.8 kHz is still there. 

 

 

Figure 6.18. Simulation waveforms of the cable current and the filter capacitor voltage with the 

proposed controller. 
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Figure 6.18 (cont’d). 

 

Figure 6.18 shows the simulation results of the capacitor voltage, the cable current with the 

proposed controller: the PR and two notch filters (1.2kHz and 1.8 kHz).  

 

Figure 6.19. Steady state waveforms and current spectrum when 0fC = . Only one P + resonant 

controller is implemented. 
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Figure 6.20. Steady state waveforms and current spectrum when 20  (11.3%)fC uF= . Only one 

P + resonant controller is implemented. 

 

Figure 6.21. Steady state waveforms and current spectrum when 20  (11.3%)fC uF= . One P + 

resonant controller and one notch filter are implemented. 
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Figure 6.22. Steady state waveforms and current spectrum when 20  (11.3%)fC uF= . One P + 

resonant controller and two notch filters are implemented. 

 

 

Figure 6.23. Dynamic response of the output current with the proposed control implemented. A 

step change from 4A to 8A is applied to the current command. 
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Figure 6.24. Dynamic response of the output current with the proposed control implemented. A 

step change from 8A to 4A is applied to the current command. 

It can be found that the resonant phenomenon can be completely attenuated, which is 

coordinated with the theoretical analysis. The simulation has exhibited the resonant problem of 

the conventional control method with consideration of cable characteristics, and the effectiveness 

of the proposed control strategy is also verified by the simulation. 

In Figure 6.19, the output voltage, output current and its frequency spectrum are captured 

when the filter capacitor fC  is disconnected. Only one P + Resonant controller is implemented 

in this case. As can be seen from Figure 6.19, multiple resonances can be observed at around 1.6 

kHz, 3.2 kHz, 5 kHz, etc. After a 20uF capacitor is connected, the output waveforms are shown 

in Figure 6.20. Without implementation of notch filters, resonance occurs at around 1.6 kHz, 

which exactly stands for the unstable poles in the closed-loop system.  

In Figure 6.21, the first notch filter given in (6.6) is implemented in the controller, while other 

set-ups are kept unchanged from Figure 6.20. It can be seen that the resonance frequency is 
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shifted a bit higher to around 1.85 kHz. In Figure 6.22, both of the two notch filters in (6.6) are 

implemented. In this case, the first two resonance peaks depicted in Figure 6.7 and Figure 6.8 are 

well compensated, and the closed-loop system is stabilized. A THD of 2.34% is achieved with 

the output current. 

Dynamic response of the proposed current controller is verified through Figure 6.23 and 

Figure 6.24. The current tracking commands in both cases have a step change from 4A to 8A and 

from 8A to 4A, respectively. Good stability and fast transient response are achieved. 

The simulation results of the auto damping control depicted in Figure 6.14 are presented in 

Figure 6.25 and Figure 6.26, respectively. The auto detection of the system resonance peaks is 

performed during the first 500ms upon the inverter start up. Here, the sinusoidal perturbation 

signal is linearly swept from 1kHz to 2kHz during the 500ms. The control gain is initially set to 

have a very low bandwidth such that the system stability is guaranteed during the auto detection 

procedure. 

In Figure 6.25, the inverter output current (iout) and the modified feedback current with 

perturbation injection (ifb) are shown. It can be seen that both currents have included the 

fundamental 60Hz components as well as some high frequency disturbance components. After 

the band pass filter, the disturbance components with the same frequency of the injected 

perturbation signal are filtered out, also shown as in Figure 6.25. 
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Figure 6.25. Simulated auto damping waveforms of ifb, iout before and after the band pass filters. 

After the band pass filter, both currents are sent to magnitude detectors in order to obtain their 

magnitude information at the injected perturbation frequency. Taking a division of these two 

magnitudes, the open loop gain from ifb to iout is obtained, as shown in Figure 6.26. Based on 

the measured loop gain, it is very easy to detect the resonance peak frequencies (f1 and f2). In 

this case, f1 is 1.2kHz and f2 is 1.8kHz. Notch filter frequency can be then aligned with f1 and f2 

such that auto damping is achieved. 
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Figure 6.26. Simulated auto damping waveforms of ifb magnitude, iout magnitude and open loop 

gain (iout magnitude over ifb magnitude). 

6.5. Summary 

The resonance issues associated with HVAC grid-connected offshore wind farms have been 

investigated in this chapter. Most of the existing offshore wind farms are using HVAC power 

transmission systems, which in general consists of wind turbine generators, voltage source 

converters, step-up transformers and submarine cables. In particular, the main submarine cable 

connecting the offshore wind farm and onshore grid exhibits high shunt capacitance, which can 

cause severe high-frequency resonance issues. In order to better understand this problem, a per 

unit scale equivalent circuit model has been developed for the offshore wind farm system. A full-

bridge inverter connected to the 120Vac grid through an output LC filter, a line inductor and a 

lumped LC network with finite number of cells has been implemented to emulate the offshore 
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wind farm. Frequency domain analysis has been carried out to identify the key passive 

components that have significant impact on the system high-frequency characteristics. It has 

been found that larger local line inductance and output filter capacitance can give more desirable 

system high-frequency responses. A notch filter based active damping compensator has been 

proposed to stabilize the emulator system. Furthermore, the validity of the proposed notch filter 

based damping control is studied given a certain range of the transmission cable parameters 

uncertainty. It has been shown that the proposed damping method can guarantee stability given a 

+-20% inductance and capacitance variations. In order to adapt the proposed damping control to 

a more general case: the transmission system parameters are unknown, an auto damping control 

technique is briefly presented and discussed. Simulation and experimental results have been 

provided to verify the theoretical analysis and the validity of the proposed control strategy. 
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Chapter 7. Control of a Boost-Half-Bridge 

Photovoltaic Micro Inverter System 

7.1. Introduction 

The concept of micro inverter (also known as module integrated converter/inverter) has 

become a future trend for single-phase grid-connected photovoltaic (PV) power systems, for its 

removal of energy yield mismatches among PV modules, possibility of individual PV module 

oriented optimal design, independent maximum power point tracking (MPPT), and “plug and 

play” concept [61], [62]. In general, a PV micro inverter system is often supplied by a low 

voltage solar panel, which requires a high voltage step-up ratio to produce desired output AC 

voltage [61]-[63]. Hence, a DC-DC converter cascaded by an inverter is the most popular 

topology, in which a high frequency transformer is often implemented within the DC-DC 

conversion stage [64]-[70]. 

In terms of the pulse-width modulation (PWM) techniques employed by the PV micro 

inverter system, two major categories are attracting most of the attentions. In the first, PWM 

control is applied to both of the DC-DC converter and the inverter [64]-[66]. In addition, a 

constant voltage DC link decouples the power flow in the two stages such that the DC input is 

not affected by the double-line-frequency power ripple appearing at the AC side. By contrast, the 

second configuration utilizes a quasi-sinusoidal PWM method to control the DC-DC converter in 

order to generate a rectified sinusoidal current (or voltage) at the inverter DC link. Accordingly, 

a line-frequency commutated inverter unfolds the DC link current (or voltage) to obtain the 

sinusoidal form synchronized with the grid [67]-[70]. Although the latter has the advantage of 
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higher conversion efficiency due to the elimination of high frequency switching losses at the 

inverter, the double-line-frequency power ripple must be all absorbed by the DC input capacitor, 

making the MPPT efficiency (defined as the ratio of the energy drawn by the PV inverter within 

a certain measuring period at the steady state to the theoretical available energy from the PV 

module) compromised unless a very large capacitance is used. Moreover, the DC-DC conversion 

stage requires more challenging control techniques to meet the grid current regulation 

requirement. Therefore, in terms of the MPPT performance and output current quality, the first 

category of PV micro inverter is more appropriate and will be adopted in this dissertation. 

A boost dual-half-bridge DC-DC converter for bidirectional power conversion applications 

was first proposed in [71] and then further investigated in [72]-[74]. It integrates the boost 

converter and the dual-half-bridge converter together by using minimal number of devices. High 

efficiency is realizable when the zero voltage switching (ZVS) technique is adopted. By 

replacing the secondary half bridge with a diode voltage doubler, a new boost-half-bridge 

converter can be derived for unidirectional power conversions [75]. In this chapter, the boost-

half-bridge converter is incorporated as the DC-DC conversion stage for the grid-connected PV 

micro inverter system. Benefiting from its circuit simplicity, ease of control and minimal 

semiconductor devices, the promising features such as low cost, high efficiency and high 

reliability are obtained.  

A full-bridge PWM inverter with an output LCL filter is incorporated to inject synchronized 

sinusoidal current to the grid. In general, its performance is evaluated by the output current total 

harmonic distortions (THD), power factor and dynamic response. The controller discussed in 

Chapter 5 can be utilized here.  
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MPPT is performed by the boost-half-bridge DC-DC converter. Numerous MPPT techniques 

have been studied and validated, for example, perturb & observe (P & O) method [76]-[79], 

incremental conductance method [80], ripple correlation method [81], reduced current sensor 

method [82], etc. Different techniques have shown different trade-offs among the steady state 

MPPT efficiency, the transient tracking speed, and the control complexity [83], [84].  

Another critical concern for MPPT implementation is the dynamics of the specific converter 

adopted. In [78], an optimal P & O method has been developed to limit the negative effect of the 

converter dynamic responses on the MPPT efficiency. In [79], a closed-loop control technique 

has been proposed to minimize the PV voltage oscillation. However, the converter dynamic 

behavior associated with the MPPT operation can also influence the converter efficiency and 

functioning, which has been rarely discussed before. For example, the MPPT methods using 

step-changed perturbations on the PV voltage (or current) or the converter duty cycle 

periodically may sometimes cause problems such as inrush current, LC oscillation, magnetic 

saturation, etc. These undesirable transient responses can result in higher power losses or even 

circuit malfunctioning; and of course, they are different from case to case. In this chapter, the 

dynamics of the boost-half-bridge converter is carefully studied for guiding the MPPT design. A 

customized MPPT producing a ramp-changed PV voltage is then developed for practice. In 

addition, for the purpose of fast tracking and high MPPT efficiency, the power-voltage (P-V) 

curve of the PV module is divided into three different operation zones, where the MPPT step size 

is varied accordingly. 
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7.2. Boost-Half-Bridge Photovoltaic Micro Inverter 

7.2.1. Boost-Half-Bridge PV Micro Inverter Topology 
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Figure 7.1. Topology of the boost-half-bridge PV micro inverter. 

The boost-half-bridge micro inverter topology for grid-connected photovoltaic systems is 

depicted in Figure 7.1. It is composed of two decoupled power processing stages. In the front-

end DC-DC converter, a conventional boost converter is modified by splitting the output DC 

capacitor into two separate ones. inC  and inL  denote the input capacitor and boost inductor, 

respectively. The center taps of the two MOSFETs ( 1S  and 2S ) and the two output capacitors 
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( 1C  and 2C ) are connected to the primary terminals of the transformer rT , just similar to a half-

bridge. The transformer leakage inductance reflected to the primary is represented by sL  and the 

transformer turns ratio is 1: n . A voltage doubler composed of two diodes ( 1D  and 2D ) and two 

capacitors ( 3C  and 4C ) is incorporated to rectify the transformer secondary voltage to the 

inverter DC link.  

A full-bridge inverter composed of 4 MOSFETs ( 3S ~ 6S ) using SPWM control serves as the 

DC-AC conversion stage. Sinusoidal current with a unity power factor is supplied to the grid 

through a third-order LCL filter ( 1oL , 2oL  and oC ). 

Other symbol representations are defined as follows. The duty cycle of 1S  is denoted by 1d . 

The switching period of the boost-half-bridge converter is 1swT . The PV current and voltage are 

represented by pvi  and pvv , respectively. The voltages across 1C , 2C , 3C  and 4C  are denoted 

by 1cv , 2cv , 3cv  and 4cv , respectively. The transformer primary voltage, secondary voltage and 

primary current are denoted as 1rv , 2rv  and 1ri , respectively. The low voltage side (LVS) DC 

link voltage is 1dcv  and the high voltage side (HVS) DC link voltage is 2dcv . The switching 

period of the full bridge inverter is 2swT . The output AC currents at the inverter side and the grid 

side are represented by invi  and gi , respectively. The grid voltage is gv . 

7.2.2. Operation Principle of the Boost-Half-Bridge Converter 

The boost-half-bridge converter is controlled by 1S  and 2S  with complementary duty cycles. 

Neglect all the switching dead bands for simplification. The idealized transformer operating 

waveforms are illustrated in Figure 7.2. When 1S  is on and 2S  is off, 1rv  equals to 1cv . When 
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1S  is off and 2S  is on, 1rv  equals to 2cv− . At the steady state, the transformer volt-sec is always 

automatically balanced. In other words, the primary volt-sec 1A  (positive section) and 2A  

(negative section) are equal. So are the secondary volt-sec 3A  (positive section) and 4A  

(negative section). Normally, 1D  and 2D  are on and off in a similar manner as 1S  and 2S , but 

with a phase delay pdt  due to the transformer leakage inductance. Ideally, the transformer 

current waveform is determined by the relationships of 1cv ~ 4cv , the leakage inductance sL , the 

phase delay pdt , and 1S ’s turn-on time 1 1swd T  [72].  
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Figure 7.2. Idealized transformer voltage and current. 

In order to reach an optimal efficiency of the boost-half-bridge converter, ZVS techniques can 

be considered for practical implementation, as guided by [72]. It is worth noting that engineering 

trade-offs must be made between the reduced switching losses and increased conduction losses 

when soft switching is adopted. Detailed optimal design processes of the boost-half-bridge 

converter will not be addressed here.  
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For simplicity, hard switching is employed and the transformer leakage inductance is regarded 

as small enough. Therefore, Eq. (7.1) and (7.2) can be derived as follows. 
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When viewing from the full-bridge inverter, the boost-half-bridge converter just operates 

identically as a conventional boost converter, but with the extra features of the galvanic isolation 

as well as the high step-up ratio. The simple circuit topology with minimal use of semiconductor 

devices exhibits a low total cost and good reliability. 

7.3. System Control Description of the PV Micro Inverter 

An all digital approach is adopted for the control of the boost-half-bridge PV micro inverter 

system as Figure 7.3 shows. The PV voltage pvv  and current pvi  are both sensed for calculation 

of the instantaneous PV power pvP  , the PV power variation pvP∆ , and the PV voltage variation 

pvv∆ . The MPPT function block generates a reference 
*

pvv  for the inner loop of the PV voltage 

regulation, which is performed by the DC-DC converter. At the inverter side, the grid voltage gv  

is sensed to extract the instantaneous sinusoidal angle gθ , which is commonly known as the 

phase lock loop (PLL). The inverter output current invi  is pre-filtered by a first-order low pass 

filter on the sensing circuitry to eliminate the high frequency noises. The filter output 'invi  is 

then fed back to the plug-in repetitive controller (as discussed in Chapter 5) for the inner loop 

regulation. Either 1dcv  or 2dcv  can be sensed for the DC link voltage regulation as the outer loop. 



138 

In practice, the LVS DC link voltage 1dcv  is regulated for cost effectiveness. The grid current 

and the LVS DC link voltage references are represented by 
*

invi  and 
*

1dcv , respectively. 

invi
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pvv +

− −
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1dcv
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dv
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Figure 7.3. Architecture of the proposed PV micro inverter system control. 

In order to achieve fast dynamic responses of the grid current as well as the DC link voltage, a 

current reference feed forward is added in correspondence to the input PV power pvP . The 

magnitude of the current feed forward is expressed as 

2 pv
inv ff

g

P
i

v
=                                                         (7.3) 

where gv  is the magnitude of the grid voltage and can be calculated by 
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0

1

2
g g gv v d

π
θ= ∫                                                      (7.4) 

7.4. Dynamics of the Boost-Half-Bridge Converter  

7.4.1. Converter Parameters and Voltage Control 

Table 7.1 summarizes the key parameters of the boost-half-bridge DC-DC converter. As 

aforementioned, the PV voltage is regulated instantaneously to the command generated by the 

MPPT function block. The continuous-time control block diagram is drawn in Figure 7.4. High 

bandwidth PI control is adopted to track the voltage reference 
*

pvv  and minimize the double-

line-frequency disturbance from the LVS DC link. The capacitor voltage differential feedback is 

introduced for active damping of the input LC resonance [40].  

Table 7.1. Boost-half-Bridge Converter Parameters 

Input PV voltage (MPPT) 30 V~50V 

Nominal PV power  210 W 

Switching frequency  21.6 kHz 

LVS DC link voltage  63 V 

Transformer turns ratio 1:6 

Transformer magnetizing inductors 0.7 mH:25.2 mH 

Input inductor  200 uH 
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Figure 7.4. Block diagram of the PV voltage regulator. 

Typically, the MPPT function block in a photovoltaic converter/inverter system periodically 

modifies the tracking reference of the PV voltage, or the PV current, or the modulation index, or 

the converter duty cycles. In most cases, these periodic perturbations yield step change dynamic 

responses in power converters. If the converter dynamics are disregarded in the MPPT control, 

undesirable transient responses such as LC oscillation, inrush current and magnetic saturation 

may take place. Consequently, the conversion efficiency can be deteriorated or even malfunction 

of the converter may occur.  

Eq. (7.1) and (7.2) indicate that 1cv ~ 4cv  are changing dynamically in accordance with 1d . It 

is worth noting that the charge and discharge of 1C ~ 4C  caused by the uneven voltage 

distribution on the upper capacitors ( 1C  and 3C ) and the lower capacitors ( 2C  and 4C ) can only 

be conducted through the transformer magnetizing inductor. As a result, at any time, the charge 

and discharge rate of 1C ~ 4C  must be limited such that the transformer flux is not saturated. 

Intuitively, this can be done by either introducing the transformer flux as a state variable into the 

inner PV voltage regulator or designing the outer MPPT block adaptively. For the sake of control 

simplicity and low cost, developing a customized MPPT method by carefully taking care of the 

boost-half-bridge converter dynamics would be more desirable. 



141 

7.4.2. Analysis of the Converter Dynamics 

As previously discussed, the boost-half-bridge converter can be regarded as the integration of 

two sub-circuit topologies: 1) the boost converter; 2) the half-bridge converter. The PV voltage 

regulator depicted in Figure 7.4 has ensured that both the steady state and the dynamic response 

of the boost converter part are taken care of. Hence, the following analysis will be only 

concentrated on the dynamics of the half-bridge converter part. 
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Figure 7.5. (a) Half-bridge converter part. (b) Equivalent circuit seen from the LVS DC link. 

The major role of the half-bridge converter here is to transfer energy from the LVS DC link to 

the HVS DC link through the transformer. But besides that, it also allocates the amount of stored 
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charges on the upper DC link capacitors ( 1C  and 3C ) and the lower DC link capacitors ( 2C  and 

4C ). 

Neglecting the effect of the transformer leakage inductance and power losses at this time, 

Figure 7.5 depicts the extracted half-bridge converter part and its equivalent circuit seen from the 

LVS DC link. As 1dcv  is regulated to a constant DC, the LVS DC link in Figure 7.5(b) is simply 

connected to a constant voltage source for approximation. 3C  and 4C  are both reflected to the 

transformer primary and combined with 1C  and 2C . 1 'C  and 2 'C  stand for the equivalent DC 

link capacitors, where 
2

1 1 3'C C n C= +  and 
2

2 2 4'C C n C= + , respectively. mL , mi  and mλ  

denote the transformer primary magnetizing inductor, DC current and DC flux linkage, 

respectively. At the steady state, both mi  and mλ  are zero. But once the converter duty cycle 1d  

is perturbed, mi  and mλ  will increase or decrease such that the electric charges can be 

transferred from 1 'C to 2 'C  or vice versa. According to the Faraday’s law, one has 

1 1 2 1

( )
( ) ( ) ( )(1 ( )) m

c c

d t
v t d t v t d t

dt

λ
− − =                                     (7.5) 

Define the duty cycle change rate 1 1'( ) ( ( ))d t d d t dt= . Take derivative on both sides of (7.5), 

then 

2
2

1 1

( ) ( )
'( ) c m

dc

dv t d t
v d t

dt dt

λ
− =                                           (7.6) 

Furthermore, the capacitor charge and discharge equation can be expressed as 

2
1 2

( ) ( )
( ' ') ( )c m

m
m

dv t t
C C i t

dt L

λ
+ = =                                        (7.7) 

Plug (7.7) into (7.6), then 
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Eq. (7.8) describes the dynamics of a typical 2nd-order system, where 1 '( )d t  is the excitation 

and ( )m tλ  is the response. If 1d  is constant initially (at the steady state) and then perturbed by 

the MPPT operation, mλ  will start to oscillate with a frequency of ( )1 21 2 ( ' ')mL C Cπ + . 

Define the magnitude of mλ  as mλ  and assume 1 1'( ) 'd t d=  as a constant, one has 

1 1 2 12 ( ' ') 'm dc mv L C C dλ = +                                             (7.9) 

Assume 
maxmλ  is the maximum permissible flux linkage in the transformer for avoidance of 

the magnetic saturation, then the constraint for the duty cycle change rate is given by 

max
1

1 1 2

'
2 ( ' ')

m

dc m

d
v L C C

λ
<

+
                                                (7.10) 

7.5. Maximum Power Point Tracking (MPPT) Algorithm 

7.5.1. MPPT with Ramp-Changed Voltage Command 

Generally speaking, mL  and 1 2( ' ')C C+  are relatively large because of the high permeability 

of the transformer core and the required energy storage capability of the DC link capacitors to 

absorb the double-line-frequency power ripple. Therefore, the constraint given by (7.10) can 

hardly be satisfied if an MPPT method that produces a step-changed voltage reference is 

implemented. In order to strictly follow (7.10), a customized MPPT method that periodically 

generates a ramp-changed voltage command is developed.  

Applying the system control provided in Figure 7.3, the simulation results of the boost-half-

bridge converter are depicted in Figure 7.6. The step-changed voltage reference and the ramp-
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changed voltage command are implemented for MPPT, respectively. Transformer leakage 

inductance and power losses are both taken into account in the simulation. From Figure 7.6, it is 

noticeable that mλ  has an average of zero with the double-line-frequency ripple when the PV 

voltage is constant. An oscillation of mλ  occurs once the PV voltage is perturbed by the MPPT 

operation. The slope of the voltage ramp in Figure 7.6(b) is chosen in consistency with (7.10). 

Here, the MPPT step size is selected as 0.3 V. The time duration of the voltage ramp in Figure 

7.6(b) is denoted by rpt . Here, 75 msrpt = . One can clearly see that with the ramp-changed 

voltage command, the transformer flux linkage is well confined within the permissible range.  

pvv*
pvv

maxmλ

 
(a) 

Figure 7.6. Dynamic responses corresponding to the different voltage command generation 

methods in the MPPT. (a) Using a step-changed voltage command. (b) Using a ramp-changed 

voltage command. 
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Figure 7.6 (cont’d). 
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7.5.2. Variable Step-Size MPPT Algorithm 

For simplicity, it is assumed that the PV module is working under the standard irradiance 

(
2

1000 W/m ) and the room temperature (
o

25 C ). Figure 7.7(a) sketches the operation curves of 

Sanyo HIT-210N, which best fits the proposed micro inverter. In Figure 7.7(b), pv pvdP dv  is 

illustrated. It is worth mentioning that some MPPT techniques calculate the step size online 

relying on the instantaneous values of pvP∆ and pvv∆  in order to make the MPPT more adaptive 

[63], [77]. However, the sensed pvP∆  and pvv∆ are vulnerable to noises, particularly when they 

are small. Therefore, an alternative method is adopted for robustness. Two points 1pvS  and 2pvS  

on the pv pvdP dv  curve are selected to divide the PV operating points into three different zones, 

as Figure 7.7(b) shows. In Zone 0, PV output power is close to the MPP, where a fine tracking 
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step size is used to approach the exact MPP. In Zone 1 and Zone 2, a larger tracking step size is 

applied to boost up the tracking speed. 

The adopted MPPT algorithm is shown in Figure 7.8. The tracking step sizes in Zone 0, Zone 

1 and Zone 2 are represented by 0refv∆ , 1refv∆  and 2refv∆  respectively. k  denotes the iteration 

number. In practice, 0refv∆ , 1refv∆  and 2refv∆ are selected as 0.1 V, 0.3 V and 0.3 V, 

respectively. The PV voltage reference 
*

pvv  is updated every 150 ms. 
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(a) 

Figure 7.7. (a) I-V, P-V curves. (b) PV operation zone division based on pv pvdP dv . 

 

 



147 

Figure 7.7 (cont’d). 
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Figure 7.8. Flow chart of the variable step size MPPT.  
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7.6. Experimental Results 

A 210 W boost-half-bridge PV micro inverter has been built and experimentally tested in the 

laboratory. The micro inverter is controlled by the 32-bit digital signal processor (TI 

TMS320F28035). One Sanyo PV module (HIT-210N) is selected as the low voltage power 

source. The validity of the boost-half-bridge DC-DC converter, the plug-in repetitive current 

controller, and the variable step size MPPT method are verified by the following experimental 

results. 

7.6.1. Verification of the Boost-Half-Bridge DC-DC Converter 

The experimental waveforms of the boost-half-bridge DC-DC converter are obtained in 

Figure 7.9.  

1rv
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50 V/div

10 A/div

0
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(a) 

Figure 7.9. Transformer voltage and current responses of the boost-half-bridge converter. (a) 

190 WpvP = , 36.8 Vpvv = . (b) 74 WpvP = , 44.5 Vpvv = . 
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Figure 7.9 (cont’d). 
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In Figure 7.9(a), the PV voltage is regulated to 36.8 V and the PV power is 190 W. In Figure 

7.9(b), the PV voltage and power are 44.5 V and 84 W, respectively. The transformer leakage 

inductance is designed as very small such that when 1S  and 2S  are turning on/off, the 

transformer current reverses and reaches the opposite peak rapidly. From Figure 7.9(a), the 

transformer current shape is quite “square” at high power, indicating a small peak-to-average 

ratio or low conduction losses. 

The conversion efficiency of the boost-half-bridge main circuit is summarized in Figure 7.10. 

It is measured based on the different input PV voltages and power levels. High efficiency 

(97.0%~98.2%) is achieved over the entire input voltage range (30 V~50 V) when the PV power 

is above 30% of the nominal value. The peak efficiency is measured as 95.6% at 160 WpvP =  

and 40 Vpvv =  when the full-bridge inverter is included. 
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Figure 7.10. Efficiency chart of the boost-half-bridge DC-DC converter. 

7.6.2. Verification of the Grid Current Dynamic Response 

Figure 7.11 demonstrates the transient waveforms when the whole system is running and 

partial shading is suddenly applied to the PV module in order to generate an abrupt change of the 

input PV power. It can be observed that after the partial shading occurs, the LVS DC link voltage 

is still regulated stiffly and the power injected to the grid precisely follows the input power 

trajectory. 
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 Figure 7.11. Transient responses of the micro inverter system under solar irradiance change 

(
2840  W m  to partial shading). 

7.6.3. Verification of the Variable Step-Size MPPT 

As discussed in Chapter V, the variable step size MPPT with ramp-changed PV voltage 

reference is implemented experimentally. Thanks to the ramp-changed PV voltage, the system is 

able to run correctly and reliably. The MPPT response under solar irradiance change (partial 

shading to 
2880 W m ) is presented in Figure 7.12. It can be seen that the MPPT employs a 

larger step size 0.3 V right after the solar irradiance change to achieve fast tracking speed, and 

then shifts to a smaller step size 0.1 V for fine tracking. The steady state performance of the 

MPPT is verified by Figure 7.13. The PV voltage oscillates around the MPP within a very small 

range (0.5 V) at the steady state, providing an MPPT efficiency higher than 99.7%.  

Figure 7.14 shows the fabricated prototype of the 210 W PV micro inverter. 
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(b) 

Figure 7.12. MPPT of the PV micro inverter system under solar irradiance change. (a) Input and 

output waveforms under solar irradiance change (partial shading to 
2880  W m @ 50 C

�
). (b) 

Zoomed-in PV voltage, PV current and PV power in (a). (c) MPPT trajectories (P-V and I-V 

curves). 
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Figure7.12 (cont’d). 
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Figure 7.13. MPPT of the PV micro inverter system at the steady state. (a) PV voltage, PV 

current and PV power (solar irradiance: 
2900  W m @ 50 C

�
) (b) MPPT trajectories (P-V and I-

V curves). 
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Figure 7.14. Prototype of the boost-half-bridge PV micro inverter 

7.7. Summary 

A novel boost-half-bridge micro inverter for grid-connected photovoltaic systems has been 

presented in this chapter. The repetitive control scheme discussed in Chapter 5 is utilized here for 

grid current regulation. The operation principles and dynamics of the boost-half-bridge DC-DC 

converter were analyzed and a customized MPPT control method was developed 

correspondingly. Simulation and experimental results of the 210 W prototype were shown to 

verify the circuit operation principles, current control and MPPT method. 

Thanks to the minimal use of semiconductor devices, circuit simplicity and easy control, the 

boost-half-bridge PV micro inverter possesses promising features of low cost and high 

reliability. According to the experimental results, high efficiency (97.0%~98.2%) is obtained 

with the boost-half-bridge DC-DC converter over a wide operation range. Moreover, the current 



157 

injected to the grid is regulated precisely and stiffly. Finally, the customized MPPT method that 

generates a ramp-changed reference for the PV voltage regulation guarantees a correct and 

reliable operation of the PV micro inverter system. The variable step size technique provides a 

fast MPP tracking speed and a high MPPT efficiency (> 99.7%).  
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Chapter 8. Conclusion and Recommendation 

8.1. Conclusion 

This dissertation presents advanced inverter control techniques for uninterruptible power 

supply (UPS) systems and grid-connected renewable energy systems. This work has made the 

following contributions:  

• Multi-loop control strategies have been designed and implemented with a three-phase 

four-wire online double conversion UPS system. A novel DC link voltage balancing 

technique with minimal required voltage sensors has been proposed. Good voltage 

regulation, input power factor correction, and fast dynamic response have been observed 

with linear load. When the system feeds nonlinear load, harmonic distortions can hardly 

be rejected, inspiring the study of more advanced control techniques. 

• A high performance repetitive control strategy has been proposed for three-phase UPS 

inverters. A 4th-order linear phase IIR filter is proposed and synthesized for the repetitive 

control. Compared to the FIR filters which are widely used in the existing repetitive 

controllers, the proposed IIR filter exhibits great pass band flatness and a much faster 

high frequency roll-off rate. Benefiting from this feature, the proposed controller is able 

to eliminate harmonic distortions up to the 19th order. Hence, ultra low THD is 

guaranteed with the output voltage regulation even under heavily distorted nonlinear 

loads. 

• A further improved synchronous-frame repetitive control approach for three-phase UPS 

inverterss is proposed. By placing the repetitive controller into three deliberately selected 
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synchronous rotating frames, all the odd harmonic distortions can be rejected. 

Conventional stationary-frame repetitive control schemes suffer the drawback of slow 

dynamic responses caused by the long control delay, but the proposed method minimizes 

the time delay to 1/6 of the fundamental period and significantly enhances the dynamic 

responses without sacrificing any steady state performance. 

• Design and control of single-phase grid-connected inverter, which is usually as the grid-

interfacing part in a photovoltaic inverter system, is studied. The feasibility of using a 

high-resonance-frequency LCL filter is investigated in order to achieve reduced filter size 

and cost. A proportional plus repetitive current control strategy is proposed for the grid 

current and power factor regulation. The advantages of the proposed current controller 

are verified by comparing to a conventional proportional + resonant controller. 

• When a grid-connected inverter is interfacing a non-ideal infinite grid, in particular, a 

grid with complex impedance that is not negligible, careful modeling is required in order 

to design a stable and reliable inverter controller. A specific case of an offshore wind 

farm system is studied and the resonances issues caused by the parasitic inductance and 

capacitance of the incorporated long transmission cable are identified. A single-phase 

120Vac emulator system is built for analysis and verification purposes. A cascaded notch 

filter based active damping control scheme is proposed for the offshore wind farm 

system. Verified on the emulator system, the proposed controller can effectively damp 

the resonances from the transmission cable. The impact from the cable parameters 

uncertainty to the control stability is studied and an auto damping technique is proposed 

to automatically measure the system resonance frequencies for more accurate notch filter 

frequency selection. 
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• A boost-half-bridge photovoltaic micro inverter associated with the control system has 

been proposed. The dynamic behavior of the front-end boost-half-bridge DC-DC 

converter has been examined. A customized MPPT technique which generates a ramp-

changed voltage command has been proposed and verified. High steady state MPPT 

efficiency and fast tracking speed during solar irradiance change have been obtained. 

8.2. Recommendation for Future Work 

The synchronous frame repetitive controller for three phase UPS systems introduced in 

Chapter 4 requires six times of dq transformation, which somehow consumes more resources in 

the digital signal processor compared with the stationary frame control scheme. However, the 

stationary frame repetitive control scheme usually requires much large delay which sacrifices the 

dynamic response. Hence, it is more attractive if the proposed synchronous frame control scheme 

can be equivalently transformed to a stationary counterpart, which should have the same steady 

state and dynamic performance but much less calculations. This work has not been done either in 

this dissertation or by other researchers. Therefore, it is recommended to do further research 

work on this. 

In an offshore grid-connected wind farm system, which is discussed in Chapter 6, the long 

undersea cable parameters are typically of some extent of uncertainty and discrepancies must 

exist between the theoretical calculation and the reality. It is very desirable to have a reliable and 

robust auto compensation control scheme which can effectively and accurately deal with the 

resonance issues introduced from the cable transmission line effect. This dissertation proposes an 

auto damping scheme and has made some brief discussions and simulations. It is recommended 

to do further investigation on the auto compensation including more thorough analysis and 

experimental verifications. 
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In Chapter 7, the boost half bridge micro inverter system has limited control bandwidth due to 

the requirement for avoiding the transformer magnetizing inductor saturation. More research 

work can be done here to increase the DC-DC converter control bandwidth. 
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