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ABSTRACT

HIGH PERFORMANCE CONTROL OF INVERTER INTERFACED DISTRIBUTED
GENERATION

By

Qin Lei

As a new means of power generation, distributed generation (DG) based on renewable energy
source is experiencing a rapid development. All the power generated by each DG in the
micro-grid must use an electric inverter to interface with the power system. Basically, the
microgrid inverter has two operation modes: grid-connected mode and standalone mode. For
standalone operation mode, a multi-loop controller is proposed. The voltage differential
feedback inner loop is embedded in the outer voltage loop. Also an output voltage decoupling
and current decoupling are implemented by only using the output voltage feedback. The
proposed control scheme possesses very fast dynamic response at load step change and can also
achieve good steady state performance at both linear and nonlinear loads. For grid-connected
operation mode, it is demonstrated that the possible grid-impedance variations have a
significant influence on the system stability when conventional proportional-integrator (PI)
controller is used. To deal with this stability problem, an Hoo controller with the explicit
robustness in terms of grid-impedance variations is proposed.. For the transition from
grid-connected mode to standalone mode, this thesis proposes the voltage based and current
control based algorithms which can force the current to decrease to zero at a short time thus
provide seamless transfers between two modes, avoiding the temporarily uncontrolled output
voltage. Finally, the thesis analyzes the transient characteristics of the voltage and proposes an
intelligent load shedding scheme which can detect the grid outage fast and do the load
shedding accurately to avoid the distortion in the transition. All the proposed controllers and

control algorithms in this work are extensively tested and verified through experiments.
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CHAPTER1 .INTRODUCTION

1.1 The microgrid concept

In the last few years, the traditional power system witnessed an evolutional change in the
conventional centralized operation due to the emergency of smaller generating systems, such
as microturbines, connected to the medium voltage and low voltage distribution levels. This
change has opened new opportunities for on-site power generation by electricity users. More
recently, due to the economical, technological and environmental reasons, the concept of
microgrid has gained popularity, which is a cluster of loads and micro-sources operating
under a unified controller within a certain local area. This part will introduce the concept of
microgrid, background technologies and its applications.

1.1.1. Microgrid concept

The concept of microgrid is proposed in [1], where is defined as a cluster of loads and
micro-sources operating under a unified controller within a certain local area. the microgrid
can thereby be understood as a cluster of loads and paralleled DG systems operating together.
Being a systematic organization of DG systems, a microgrid has larger power capacity and
more control flexibilities to fulfill system reliability and power quality requirement, in
addition to all the inherited advantages of a single DG system. It also offers many
opportunities for optimizing DG systems, such as CHP, premium power and peaking sharing
to name a few.

1.1.1. Background technologies
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Fig. 1.1 Basic microgrid architecture

The background technologies for proper operation of a microgrid include generating
technologies, storage technologies and control technology. A typical DG system based on
micro-source depicted in illustrate that the micro-source generation involves all the generation,
storage, interfacing and control technologies. A most distinguishing feature of the microgird is
its power electronics interfaces as shown in Fig.1.1. All the power, DC or non-power
frequency AC, generated by each DG in the microgrid must use an electric inverter to
interface with the electrical power system. This power electronic interface provides
significant flexibilities and permits the microgrid to function as a semi-automous power
system. Control of the microgrid mainly refers to the control of the interfacing power
electronic inverters, which is also the topic of this thesis.

1.2 The requirement and standard of the power electronics interface

There are two basic operation modes for grid-connected inverter as a distributed generation:
(1) Grid-connected mode: it could provide the required power to the grid continuously, and
also could store the energy and then compensate the grid in the peak time. (2) Standalone

mode: it could support the local load independently when the grid has some fault. Therefore,



the grid-connected inverter should satisfy different requirements and standards in
different operation modes.

1.2.1. Grid-connected operation mode

As the development of microgrid, more and more distributed generations are
connected to the grid. IEEE std 1547-2003 (IEEE Standard for Interconnecting
Distributed Resources with Electric Power Systems) is the first standard of grid
connected inverter with fuel cell, photovoltaic, energy storage as the front stage. This
standard includes response to the grid fault, power quality, islanding, protection,
testing and so on. Several important standards will be explained as follows:

1. The response to the grid voltage abnormity

When the inverter operates in grid-connected mode, the normal range of grid voltage is
within 88% and 110% of the standard voltage. When the grid voltage exceeds this
limit, the inverter system should detect this fault and disconnects with the grid in a
required short time.

Table 1-1.The response time to the abnormal voltage

\oltage range

Response time (utility cycle)

Vrms<50% 6
50%<Vrms<88% 120
88%<Vrms<110% Normal operation
110%<Vrms<120% 120
Vrms>120% 6

2. Response to the grid frequency abnormity
In IEEE Std 1547-2003, the normal range of frequency is within 59.3~60.5 Hz. This

range also changes with the power rating. The details of response time to different



Table 1-2.The response time to grid frequency abnormity

Capacity of the Distributed Frequency range (Hz) Response time (s)
Generation (KW)
<=30 <59.3 0.16
>60.5 0.16
>30 <57.0 0.16
<(57.0~59.8) 0.16~300
>60.5 0.16

3. The requirement for the current harmonic that injected to the grid

The standard requires that the percentage of DC component over the AC component of the
injected current should not exceed 0.5%. The requirement for other harmonics are shown in
Table 1-3.

Table 1-3.The standard for the harmonics of injected current

Harmonic order | h<l1 | 11<=h<=17 | 17<=h<=23 | 23<=h<=35 | 35<=h THD

% 40 1|20 1.5 0.6 0.3 5.0

1.2.2. Standalone operation mode

The grid-connected inverter not only can provide power to the grid, can also provide the
power to the local load. When the grid abnormity happens, the grid-connected inverter will
disconnect with the grid and switch to standalone operation mode to provide local load. The
corresponding standard for standalone operation is IEEE Standard 446-1995 (IEEE
Recommended Practice for Emergency and Standby Power Systems for Industrial and
Commercial Applications). The main points are:

(1) Security. This is the basic requirement for the grid-connected inverter as a back-up supply



to the load. The ground connection is an important factor, which is described in IEEE Std
142-1991 (ANSI) IEEE Recommended Practice for Grounding of Industrial and
Commercial Power Systems.
(2) Power quality. This includes the voltage amplitude, waveform quality, frequency and
dynamic response, system EMC and so on.
1.3 The basic topologies of the interface between distributed generation and grid
Grid-connected inverter plays the role of the interface between the renewable energy source
or other distributed generation source and the grid, in order to best utilize the power and
converter the voltage to the requirement voltage. Many topologies are proposed for this
application. According to the structure, there are single stage, double stage and multi-stage.
According to the isolation, it can be divided into isolated and non-isolated. According to the
source, it can be classified into voltage source inverter and current source inverter,
single-phase or three-phase. Paper [2-5] summarizes the present circuit topologies. The main

topologies will be described here also.
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Fig.1.2 (a) Conventional voltage source inverter (b) Conventional current source inverter
Fig.1.2 shows the conventional three phase voltage source inverter (VSI), which is a buck
converter. There are also other topologies like single phase or half bridge. This topology has
simple structure, high efficiency and reliable gate drive system and control strategy. It can

also be used for harmonic compensation and reactive power compensation. However, it also



also be used for harmonic compensation and reactive power compensation. However, it also
has some drawbacks as follows: (1) the input dc voltage is relatively high, thus it is hard to
use it with low voltage power source such as fuel cell, TEG and PV systems. (2) In PV or fuel
cell system, the input voltage has a relatively wide range. This single stage has no voltage
boost front-stage. So it needs a big power rating to satisfy a wide range of operation points.
[8]

Different from VSI, conventional current source inverter (CSI) is a boost converter and its
output voltage line to line peak value is bigger than the input dc voltage. Its basic circuit
topology is shown in Fig.1.2 (b). It can implement voltage boost and inverter function at the
same time. Thus it is suitable for the PV and fuel cell application. But the switch in the CSI
has to have voltage reverse blocking capability. The conventional methods use a IGBT in
series with a diode to implement this function. It has high conduction loss and high leakage
inductance between these two discrete components. However, the recently developed
Reverse-Blocking IGBT (R-B IGBT) overcomes this problem and promotes the development
of current source inverter. The main drawbacks of CSI is: (1) it can only have uni-direction
power flow (2) it only has voltage boost function thus also increase its total power rating

when the input voltage changes in a large range.
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Fig.1.3. Two stage power conditioner (dc-dc boost and dc-ac inverter)
(interpretation of the references to color in this and all other figures, the reader is referred to

the electronic version of this thesis.)



Fig.1.3 shows another widely used two stage power conditioner (dc-dc boost and SPWM
dc-ac inverter). The front stage dc-dc boost can boost the voltage to the required a constant
high voltage for the grid-connected inverter DC link when the input voltage varies in a large

range, therefore it reduces the power rating for the inverter.
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Fig.1.4. Two stage power conditioner (dc-dc full bridge converter and dc-ac PWM inverter)
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For the two stage configuration, the front stage can also be replaced by half bridge, full bridge,
or other dc-dc converter. Paper [6] applied a full bridge with an isolated high frequency
transformer as a front stage for fuel cell application as shown in Fig.1.4. It uses a high
frequency transformer to boost the voltage to a higher level and also used a voltage doubler in
the inverter side to additionally boost the voltage. The rectifier side uses active switch to
replace the diode, thus make the system more flexible and also guarantees the bidirectional

power flow function. The details can also be found in [7-8].
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Fig.1.5. Two stage power conditioner (high frequency dc-ac inverter and high frequency ac-ac
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Fig.1.6.Two stage power conditioner (dc-dc boost converter and low frequency dc-ac inverter)
Another choice for the second stage of Fig.1.3 is to use ac-ac converter to replace the rectifier
and inverter stage, as shown in Fig.1.5. The dc voltage is transformed into high frequency ac
voltage by the inverter at the front stage, then the transformer is used to boost the ac voltage,
finally the ac/ac converter is used to transform the high frequency ac voltage into utility
frequency [9].

Another method for two stage topology is to use the dc-dc voltage to transform the dc voltage
into high frequency PWM dc voltage and use the low frequency dc/ac inverter as the second
stage to just transform the half-wave dc voltage into the full wave, as shown in Fig.1.6. This
method can reduce the switching loss thus increase system efficiency. Also it deletes the big
DC-link capacitor from the system thus reduce the cost.

1.4 Control strategies of the micro-grid inverter [10]
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In grid connected mode, the main target for the inverter control is to control the power
injected into the grid. The power command can be generated by the micro-grid management
system or the maximum power tracking system. When the reactive power command is zero,
the output current and voltage are in phase with each other, the unity power factor is obtained.
Generally, there are two ways to control the power: through output voltage regulation;
through output current regulation.

1.4.1 Power control through current regulation

Fig.1.7 shows the real power control through current regulation. If both real and reactive

power flow control is desired, the real power control loop can be used to produce the



In grid connected mode, the main target for the inverter control is to control the power
injected into the grid. The power command can be generated by the micro-grid management
system or the maximum power tracking system. When the reactive power command is zero,
the output current and voltage are in phase with each other, the unity power factor is obtained.
Generally, there are two ways to control the power: through output voltage regulation;
through output current regulation.

1.4.1 Power control through current regulation

Fig.1.7 shows the real power control through current regulation. If both real and reactive
power flow control is desired, the real power control loop can be used to produce the
synchronous frame d-axis reference current (same as the current magnitude generation in) and
the reactive power control loop can be employed to produce the g-axis current [11], as shown
in Fig.1.8. The synchronous d-q frame current can then be controlled in a closed loop manner
as shown in Fig.1.8. Note that similar current control performance can also be obtained in
stationary frame by transforming the d-q reference current into stationary frame and using
P+Resonant current controller [12-14].

1.4.2 Power control through voltage regulation

Fig. 1.9 shows the real and reactive power control strategy through regulating the output

voltage. When the line impedance between the inverter output and the PCC is Z; =R+ jX,

the real and reactive power flow are:

4 .
P=————F[R(V)-V,co80)+ XV, sino] (1.1)
R? + x? £ £
0 N [-RV,sino+ X (V] -V, coso)] (1.2)
= . 1~ .
R*+x* ¢ g

N,V are voltage difference and s the angle difference. When the impedance is almost

inductive, the ¢ 1is very small. It can be seen that the real power controller produces the

reference output voltage phase angle while the reactive power controller generates the
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reference voltage magnitude. The phase angle and magnitude are then transformed to the
three-phase reference voltage. In Fig.1.9, a proportional controller are used for the real and
reactive power controllers to realize the real power versus system frequency (P-w) droop and
the reactive power versus voltage magnitude (Q-V) droop characteristics [15-16]. However, to
improve the reactive power control accuracy in grid-connected operation mode, integral
control can be included into the reactive power controller [17-19]. The advantage of voltage
regulated power control method is that it can be used in both standalone and grid-connected
mode. However, it also has some drawbacks: Compared to the power control through current
regulation, the voltage regulation method is more sensitive to the line impedance between the
DG and the PCC. The small line impedance in the denominators of (1.1) and (1.2) will cause
significant power flow even with a slight variation of the DG output voltage. Furthermore, the
low X/R line impedance ratio at a low voltage microgrid can also cause real and reactive
power control couplings if the DG unit is directly coupled to the microgrid without grid side
inductor or transformer. This can be noticed from (1.1-1.2), where if the line impedance is not
mainly inductive, the voltage magnitude and phase angle will have non-negligible effects on
the real and reactive power flows respectively.

1.4.3 Islanding detection and load shedding [10]

The intentional islanding mode is very important for microgrids to continue to provide power
to critical loads during power outage of the main grid. During the grid-connected operation,
each DG system in a microgrid is usually operated with the power flow control in the
presence of a stiff grid voltage as has been discussed. When the microgrid is disconnected
from the mains grid, each DG unit has to detect this islanding situation and switch its control
scheme from power control mode to voltage control mode and provide a constant voltage to
local loads.

Besides the control mode difference, there are several other issues to be considered for
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islanding operation, such as synchronization among the DG units, the power flow constraint
due to the DG capacity, voltage/frequency variations and thermal constraints of the
distribution feeders. The islanding operation is further complicated when considering the large
variation of electrical distance between DG units even within a small geographical area.

There are various islanding detection methods proposed for DG systems [20]. Since the DGs
are in power control mode when connected to the grid, any power imbalance between DG
generation and load demand will result in voltage magnitude (and frequency) changes when
islanding occurs, regardless of whether the power control is through current or voltage
regulation. Although there will be a non detection zone (NDZ) with this voltage magnitude or
frequency detection method if the power difference is too small, this NDZ can be eliminated
by employing some additional detection algorithms (e.g grid impedance detection). While
serving as good indications for islanding detection, the quick voltage and frequency variations
lead to a serious concern: the microgrid would operate out of the allowable voltage or
frequency range quickly after islanding occurs. To avoid this, intelligent load shedding
algorithms need to be implemented in a microgrid system to make sure that the demand is
within available generation by disconnecting some least important loads. This thesis proposes
the intelligent islanding detection and load shedding algorithms in chapter 5.

1.5 Scope of the thesis

Based on the previous work on microgrid inverter, this thesis focuses on the following
subjects:

Chapter 2 proposes a multi-loop controller with voltage differential feedback, and with output
voltage decoupling and output current decoupling by only using the output voltage feedback.
The proposed control scheme possesses very fast dynamic response at load step change and can
also achieve good steady state performance at both linear and nonlinear loads. In addition, it

only uses the output voltage as the feedback variable, which reduces the system complexity.
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Chapter 3 first proposes a proportional-integrator (PI) current controller for the inverter
grid-connected mode. Then it analyzes the stability problem of the grid-connected voltage
source inverter (VSI) with LC filters, thus an Hoo controller with the explicit robustness in
terms of grid-impedance variations is proposed to incorporate the desired tracking

performance and the stability margin.

Chapter 4 proposes the voltage control based voltage amplitude regulation, instantaneous

voltage regulation algorithms and current control based zero current regulation algorithms to

implement the seamless transition from grid-connected mode to standalone mode.

Chapter 5 proposes an intelligent islanding detection method and a load shedding scheme

based on the voltage characteristics in the transient, in order to fast detect the grid outage and

switch the inverter from grid-connected mode to standalone mode.

Chapter 6 discusses the future work that needs to be done.
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CHAPTER 2 .MULTI-LOOP CONTROL SCHEME FOR MICRO-GRID

INVERTER STANDALONE OPERATION

2.1. Introduction

Voltage source inverters (VSIs) are now widely used in many grid applications to
interface distributed generation (DG) systems (for instance photovoltaics, wind, fuel cells and
microturbines) to the utility system. When the inverter operates in standalone mode, the
micro-grid inverter performs like a voltage source to provide required voltage to the local load.
A traditional average voltage feedback control could maintain a desirable steady-state rms
output voltage, but their response to load step change is noticeably slow, and nonlinear loads
could greatly distort the output waveform. Instantaneous voltage feedback control can have
faster transient response, lower total harmonic distortion and better disturbance rejection
capability because of the lower output impedance. There are many instantaneous controllers
been presented recently. State feedback controllers show good performance but the duty cycle
has to be calculated on a pulse-by-pulse basis [21-23]. The hysteresis-type controllers have
variable and relatively high switching frequencies and the control variable error is twice of the
hysteresis band [24-26]. Dead-beat control proposed in [27-28] can make the capacitor
voltage exactly tracks the reference voltage with the accurate knowledge of the filter
parameters. A discrete-time sliding mode control technique has also been used in inverter
control due to its robustness and overshoot-free fast tracking capability, [29-31]. A predictive
controller [32-33] can enhance the system stability limits but its performance [33] is also
subject to the accuracy of the plant model and the accuracy of the reference current prediction
[33]. A Hoo control strategy [34] can improve the robust stability under model uncertainty and
load disturbance. However, the control performance under nonlinear load is not satisfactory.

The rotating synchronous frame PI controller for current control is used widely to obtain a
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zero steady state error [35-36]. However, significant computation arises from the need of
multiple reference frames for harmonic current attenuations.

To prevent the pollution of the utility by high-frequency current ripple, an LC filter is used at
the output of the inverter. The capacitor is used to provide a low-impedance path for the high
frequency components. But the LC filter is virtually un-damped (especially at no load) and
thus its resonance can severally affect the quality of V, and the overall stability of the
controller. A resistor in series or parallel with the capacitor can be used to damp the resonance
in the filter. However, it is more advantageous to use only a LC filter and design the control
algorithm to ““actively” damp the resonance. Current-loop regulated PWM inverters with
output voltage compensation have been proposed in [37-38]. Controllers with the inductor
current feedback as inner loop can be used to actively damp the resonance [39-41], while
capacitor current feedback can also be utilized since it has better disturbance rejection
capability than that of inductor current feedback [42-46]. Unlike both of the capacitor current
feedback and inductor current feedback, paper [47] uses the current flowing between the split
two capacitors of the LCL-filter as a feedback variable. By properly designing the controller,
it degrades the control object from third-order to first order, so the loop gain and bandwidth
can be increased thus the steady-state errors at both fundamental and harmonic frequencies
can be decreased. But the zero-pole cancellation used here needs accurate parameters of
inductance, capacitance and their internal resistance.

The current loop gain has to be high enough to suppress the disturbance caused by “back
EMF” voltage and load current variation. However, the high gain control schemes face the
noise corruption and limit cycle ringing problems. [48]. In Nonlinear loads with periodic
distortions, the periodical tracking error or disturbance whose frequency is less than half of
the sampling frequency can be eliminated by the use of a repetitive controller [49-60]. But

repetitive control has slow dynamic response for non-periodic disturbances. To improve the
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dynamic response, repetitive controllers are generally combined with other fast-response
controllers [50]. However, the fast-response control scheme combined with a repetitive
controller also requires the sensing of inductor or capacitor current, resulting in an overall
scheme with a high degree of complexity.

This chapter proposes a multi-loop controller with voltage differential feedback, and with
output voltage decoupling and output current decoupling by only using the output voltage
feedback. The output voltage differential feedback loop actively damps the output LC filter
resonance thus increases the system stability margin. The decoupling of output voltage and
current makes the inner loop equivalent to a first order system thus improve the system dynamic
response to load disturbance. The pole placement technique has been used here to design the
inner loop and outer loop gain, with considering the effect of system control delay. The
proposed control scheme possesses very fast dynamic response at load step change and can also
achieve good steady state performance at both linear and nonlinear loads. In addition, it only
uses the output voltage as the feedback variable, which reduces the system complexity. The
theoretical conclusion has been verified by simulation and experiment results. This method is
proved to be an effective solution for voltage control in standalone mode of three phase
micro-grid inverters.

2.2. System configuration and prototype picture

+ Cdc

Vac = T — \%

Local Load

Fig. 2.1.Configuration of three-phase grid-connected VSI with LC filters and local load
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Fig.2.2. Photograph of the three-phase inverter prototype.

Fig. 2.1 shows the configuration of three-phase grid-connected VSI with LC filters and local
load. It will operate in grid-connected or standalone mode by controlling the switch SSR. This
paper concentrates on the control strategy for standalone mode. The system parameters used
in this paper is: switching frequency: 10kHz; output frequency: 60Hz; IGBT dead time: 1.5us;
DC-link voltage: 200V; output phase voltage(rms): 60V; output capacity: 10KVA. Fig.2.2
shows the prototype in the experiment.

To select the proper inverter-side inductor, several factors needs to be considered: inverter

output current ripple, system cost, size and efficiency. Larger Ls can reduce the output
current ripple which enables that the controller to have a high gain to achieve smaller steady
state error and faster dynamic response. The maximum current ripple is calculated as:
Al max =VgcTs /4L . So ImH inductor is selected here to make the maximum ripple current

within 30% of the rated current. For the capacitor design, the goal is to keep the resonant
frequency of LC filter be smaller than 1/10 of the switching frequency to get enough
attenuation at high frequency. A bigger capacitor can reduce the inductor value, but would

also increase the reactive power it produces hence increase the current stress on the switches
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also increase the reactive power it produces hence increase the current stress on the switches
and inductors. So the capacitor is selected at SOuF to provide 2% reactive power of the rating
power.

2.3. Multi-loop controller with capacitor voltage differential feedback [46]
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Fig.2.3. Bode diagrams of capacitor voltage differential feedback
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Fig.2.4. Simplified diagrams of capacitor voltage differential feedback
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2.3.1. Control block diagram

2.3.1.1. Capacitor voltage differential feedback

A capacitor voltage differential feedback loop is used with the outer voltage regulation loop in
order to damp the LC filter resonance thus increases the system stability margin, as shown in
Fig. 2.3. The reason will be described as follows.

To prevent the pollution of the utility by high-frequency current ripple, an LC filter is used at
the output of the inverter. The capacitor is used to provide a low-impedance path for the high
frequency components. But the LC filter is virtually un-damped (especially at no load) and

thus its resonance can severally affect the quality of V,and the overall stability of the

controller. Controllers with the inductor current feedback as inner loop can be used to actively
damp the resonance, while capacitor current feedback can also be utilized since it has better
disturbance rejection capability than that of inductor current feedback. In capacitor current
feedback control, a highly accurate current sensor is needed because the capacitor current is in
small scale. It also requires the sensor has fast dynamic response. Since capacitor current can
be calculated from the voltage, capacitor voltage differential feedback can be used to replace
capacitor current feedback so that the current sensor can be saved. Like the capacitor current
feedback, the capacitor voltage differential feedback can also eliminate the resonant peak of
L-C filter.

Also we can demonstrate this from another point of view. The control block diagram can be
simplified into the form in Fig. 2.4. The inner loop is simplified a single capacitor voltage
differential feedback loop with feedback coefficient. The closed-loop transfer function of the

inner loop (without consideration the control delay) is

1 0)721

Guo_vgo(s) =~ =——— = L)
B Vg0 LiCrs®+RiCrs+Kgs+1 s°+28wps +

,where K4 =CsKp2 , which is the differential feedback coefficient. The damping
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ratio can be derived as
_Rfo+Kd

2\JLfCr

From (2.1)-(2.2), the LC filter transfer function has a high-resonant peak because the

2.2)

damping ratio& is close to zero; after introducing the output voltage differential feedback,
the control plant from the traditional LC filter has become to an improved control plant. The
damping ratio &£ changes from zero to a variable value, which can be adjusted by the
differential coefficient K;. When K, is equal to the designed value, the damping ratio is

about 0.67, which is very close to the technical optimum (TO) value 0.707. Thus this control
method is consistent with the capacitor current feedback.

2.3.1.2. Low pass filter in the feedback loop
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Fig.2.5. Bode diagrams of capacitor voltage differential feedback with low pass filter
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Fig.2.6. Bode diagrams of inner open loop transfer function
However, the differential function will enlarge some small disturbance in the output voltage,

especially in the high frequency range so as to cause stability problem. Hence a low pass filter
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(LPF) is introduced to use with differential feedback to eliminate the high frequency
disturbance, as shown in Fig. 2.6. Fig. 2.6 shows the bode diagrams of inner current loop
transfer function without considering the control delay (a) Without voltage DF (differential
feedback) (b) With voltage DF (c) With voltage DF and LPF (low pass filter). As indicated,
the voltage differential feedback eliminates the high resonant peak of output L-C filter.
Moreover, using low pass filter increases the phase margin at crossover frequency hence

improves the system stability.
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2.3.1.3. \oltage reference feedforward in the outer loop
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Fig.2.7. Proportional compensator plus feed-forward control strategy
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Considering the transient performance when the inverter changes from grid-connected
operation mode to standalone mode, with proposed outer voltage PI controller, the initial
output voltage is zero which causes the voltage fall to zero immediately after the mode
switching. So the voltage waveform becomes discontinuous in transition. In order to
overcome this disadvantage, a voltage reference feed-forward path is added to the outer loop,
which is shown in Fig. 2.7. The reference voltage is generated by multiplication of voltage
amplitude and phase angle which is synchronized with grid voltage in grid-connected
operation mode. So the initial output voltage of this standalone system which is equal to the
feedforward reference voltage is in phase with grid voltage at the moment of control mode
switching. Hence it maintains the continuity of voltage waveform.

In addition, the feedforward path can also improve the steady-state performance. Without
feedforward path, the outer loop gain needs to be designed to be a large value to obtain small
steady-state error which will make the system face stability problem. Moreover, feedforward
path can enhance the dynamic response which is beneficial in transition process or nonlinear
load case.

Also, a single proportional controller is used instead of PI controller to reduce the harmonics
in the waveform which is analyzed as follows. With considering the control delay, the output
voltage-to-reference voltage and output voltage-to-load current transfer function can be

expressed as follows:

Vo (S) :G'vo_vref(s)'vref _G'vo_io(s)'io
(1+Ky)e ;
= 2.3
Lfos2 +(RrCy +Kde_STS )S+Kve_STS +1 i 23)
Lrs+Ry )
B 2 ST, Ty 10
LCrs™ +(RyCr+Kge " %)s+Kye "5 +1
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Fig. 2.8 compares the voltage closed-loop transfer function with P and PI controller. With PI

controller in which K, =0.3, K;p =1800, there is a peak at frequency between 60HZ to

900HZ. It raises the portion of the 5th, 7th and 11th harmonics in the output voltage. The peak

magnitude decreases as K, decreases and it decreases to zero whenk, =0. Also with only P

controller, the magnitude gain keeps around 0 dB thus the steady-state error stays in a
reasonable range. So using a single proportional controller can reduce the harmonic
components in the output voltage and still track the reference voltage very well.

2.3.2. Controller design

2.3.2.1. Inner Current Controller Design

The inner loop controller design of multi-loop with capacitor differential feedback is
consistent with the controller design of capacitor current feedback. The compensated

open-loop transfer function of the inner current loop can be obtained as:

szcfe_STSS

Ge_op(s)= 2.1)

Lfo52+Rfos+1

,where K p2is the gain of current controller. Fig. shows the bode diagrams of the

compensated
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Fig.2.9. Bode diagrams of inner loop transfer function (a) open loop without delay (b) open

loop with delay (c) closed-loop without delay at different K,
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Figure 2.9 (cont'd)
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Figure 2.9 (cont'd)
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inner current open-loop at proportional gain K ,> =0,6,30 for no load case (worst case

condition). As K p2 increases, the high resonant peak increases which make it hard to design
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the outer voltage control loop to achieve good system stability and dynamic response.
However, the resonant peak can be eliminated by closed-loop control. The compensated
closed-loop transfer function of the inner current loop is:
sze_STSCfS
L1Crs?+(Kpae ™ +R¢ )Crs+1

Lfo32+CfRfS
L1Crs2+(Kpe™™s +Rf JCrs+1

Ic = Icref

(2.4)

lo

where Iqpef is current reference generated by voltage loop, | is measured capacitor current

and iy is the load current.

The direction of the arrows: Kp2 increases
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(a) Without considering control delay
Fig.2.10. Root locus of inner current closed-loop without and with control delay when

Kp2 increases
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Figure 2.10 (cont'd)
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(b) With considering control delay
The design goal of inner current closed-loop in a multi-loop control is to obtain a high loop
bandwidth to achieve enough stability margins rather than to obtain a small tracking error. So
the current controller is designed to be a single proportional controller. Fig. 2.9 (a) shows the

bode diagrams of current closed-loop transfer function at different K p2 values without
considering the control delay. As indicated, the bandwidth can be widen and also the phase

error can be reduced through increasing the proportional gain K p2- Ideally, the bandwidth of

Ic /1 C* should be maximized by using a higher K

p2» to achieve perfect reference tracking at

all input frequencies, a faster dynamic response and the complete blocking of disturbance

input from feeding forward to the output (/¢ /Ijy44 =0). In order to obtain unity gain from
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output frequency to half of the switching frequency [61], the gain value should be designed to

be 30. However, in practice, a digital control implementation for above multiple-loop control
method introduces a time delay, usually equal to one switching periodTs, which strongly
limits the system bandwidth and affects the dynamic performance [62-64]. The root-loci of

the inner current closed-loop without control delay and with Tg control delay are shown in
Fig. 2.10. The arrows show the moving direction of the root locus when K, increases.

Without considering the delay, the complex roots will move towards the real axis and move
far away from imaginary axis. With considering the delay, the complex roots will move away
from real axis, which will cause the system oscillation; the real root will move towards the
imaginary axis. A high gain would degrade the control loop stability. This can be further

verified by the bode diagrams of the current open loop with control delay at differentK ,, , as
shown in Fig. 2.9(b). When K > =6, the phase margin is about60’; when K ,,=30, the phase

angle at crossover frequency enters into the oscillation region and the system become unstable.

Based on this gain selection criterion, K, is set as 6, which will give a reasonable
closed-loop current gain Ic / Ices and negligibly small I /11554 9ain at the fundamental

frequency.
2.3.2.2. Outer Voltage Controller Design

For the outer voltage regulation loop, a P1 controller is used to maintain high loop gain at
low frequency and zero steady state error. The compensated open-loop voltage transfer
function is:

i, Kpoe™®'s
S LiCrs?+(Kpae s +Rf )Crs+1

Gyop = (Kp1+ (2.5)

, Where K,and Kjjare parameters for PI controller. The crossover frequency fcyis set to

be 300HZ which guarantees enough attenuation at switching frequency and enough phase
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margin at crossover frequency. Kpp and Kjjare selected to obtain unit gain at this crossover

frequency. Also, the zero of the Pl compensator is set the same as the corner frequency of LC
filter, resulting in the following equations:

Ki1 1
— : G S . =1
KPl JLC ‘ VOp( )‘52127[ fCl

(2.6)

Which leads to Kpq =0.05, Kj; =300.

2.3.3. Demonstration of its advantage
Compared to inductor current feedback strategy, capacitor current feedback has better
disturbance rejection capability.

If capacitor voltage differential term is used as inner current feedback variables, the
closed-loop transfer function of the outer voltage loop can be expressed as:

3 (Kp1s+Kij1)K pze_STS

LiCrs®+ (K p2e TS + Ry )Crs2 + (K piK p2e TS +1)s + KigK poe T

Lf82+RfS i
- (0]
LiCrs®+(Kp2e ™S +R¢)Cs% + (KpiK poe 'S +1)s + KigK poe°Ts

Vo Vref

2.7)

where Vet IS the given voltage reference and v, is the output voltage.

If inductor current is used as inner current feedback variables, the closed-loop transfer

function of the outer voltage loop can be expressed as:

B (Kpis+Kij1)K pge_STS
Vo = 3 ToTs 2 o Ts _ ToTs
LiCis™+(Kpze +Rf)Cis” +(KpKp2e +1)s+KjiKp2e
Ls? +(Kp2e™S™s +R¢)s .
B 3 —sT. 2 —sT. “oTg 10
LiCts”+(Kp2e ™S +Rf)Cts +(KpKp2e ™' +1)s+ Kj K poe™'S

Vref
(2.8)
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Fig.2.11. Bode diagrams of the outer voltage closed-loop transfer function with capacitor
current or inductor current feedback as inner loop
From equation (2.5) and (2.6), it is notable that in the capacitor current feedback and

inductor current feedback, the output voltage-to-reference voltage transfer

function Gy vref (s) is exactly the same, while the voltage-to-output current transfer
function Gyp jo(s) is different from each other, where Gy, jo1(s) and Gy, jo2(s) are

corresponding to (2.5) and (2.6) respectively. Fig. 2.11 shows the bode diagrams of
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closed-loop voltage transfer function using two control schemes respectively. Obviously,
capacitor current feedback strategy has lower gain at low frequency range for output voltage
to load current than inductor current feedback strategy, which means it has much better
disturbance rejection capability.

2.4. Multi-Loop controller with both voltage differential feedback and voltage and current

decoupling through only output voltage feedback [67]

2.4.1. Control block diagram

This section proposes a multi-loop controller with voltage differential feedback, output voltage
decoupling and output current decoupling by only using the output voltage feedback. The
decoupling of output voltage and current makes the inner loop equivalent to a first order system.
Thus the system will exhibit a fast dynamic response to load disturbance. With considering the
control delay, the inner loop gain has to be designed smaller than the design value from pole
placement technique, in order to raise the system stability margin. This scheme possesses very
fast dynamic response at load step change and can also achieve good steady state performance
at both linear and nonlinear loads. In addition, it only uses the output voltage as the feedback
variable, which reduces the system complexity. The theoretical conclusion has been verified
by simulation and experiment results. This method is proved to be an effective solution for
voltage control in standalone mode of grid-tie three phase voltage source inverters. The

proposed new control block diagram has been shown in Fig. 2.12.
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Fig.2.14. Control block diagram of a multi-loop controller with capacitor current and output voltage sensed
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2.4.1.1. Output Voltage decoupling

Except for the voltage differential feedback, in the inner loop, the sensed value of output
voltage is positively feedback to decouple the output voltage in the augmented control plant in
order to improve the system dynamic performance. It is also equivalent to feedback the

integration value of capacitor current scaled by C f.With this decoupling, only the voltage

across the output inductor needs to be commanded. This will cause a relatively small voltage
variation at load step change because the filter inductor impedance is small. In addition, since

most of the inverter command v; is constructed from the output voltage decoupling, the

inner loop gain can be designed more robust. Thus the effect of phase delay introduced by the
filtering in the capacitor current feedback will be reduced. In a word, system dynamic
response will be faster with this output voltage decoupling. This can be further verified by
comparing the root locus of the system with and without output voltage decoupling as
follows.

Without v¢ decoupling, the inner current closed-loop transfer function can be written as:

sK ,»,C
Gic:_icns = et (2.9)
S Lfo +SCf(l"f +Kp2)+]
With v¢ decoupling, the transfer function becomes:
ic Kp>
G . - = = 2.10
CICd2 e sLp+Rp+Kp) (2.10)
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Fig.2.15. Root locus of inner closed-loop when K, increases from 0 to 15 with step equal to 1 for System (a) With output voltage decoupling (b)

Without output voltage decoupling
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Figure 2.15 (cont'd)
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(b) Kp2 increases

The root locus of two systems when Kp, increases from 0 to 15 with step equal to 1 has been

shown in Fig. (a), (b). GiC _iCref 2 is a first order transfer function and all of its poles are on

the negative real axis. Its biggest pole locates at s=-1when K p2 = 0.As Kppincreases, the

poles are approaching infinity. Gic i is a second order transfer function, thus it has two

Cref

poles at a fixed Kp,value. When Ky, is small, one pole moves far away from the

imaginary axis on the real axis; another pole moves towards the real axis and far away from
the imaginary axis from a location which has a big imaginary absolute value. Obviously, at

the same K, , the poles of un-decoupled one locate closer to the y axis than the decoupled

one, and with the same step, the dominant pole of the un-decoupled system moves less

distances for real axis than the decoupled one. So it has longer response time and higher
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the same K, ,, the poles of un-decoupled one locate closer to the y axis than the decoupled

p2>
one, and with the same step, the dominant pole of the un-decoupled system moves less
distances for real axis than the decoupled one. So it has longer response time and higher
overshoot value at step response. Also its large imaginary part of the dominant pole will cause
the oscillation in the dynamic response. Simply saying, the additional zero at the nominator of
the un-decoupled system reduces the damping ratio of the system and increases the system
overshoot at step response. So the decoupling term can improve the system dynamic response.
2.4.1.2. Load current decoupling

The load current decoupling is implemented by the negative capacitor voltage second
differential feedback, as shown in Fig. 2.12, which is also equivalent to negative capacitor
current differential feedback. It is an approximation to the positive load current differential
feedback as shown in Fig. 2.13 which can fully decouple the load current in the inner loop.
The reason of this approximation is: the capacitor current, inductor current and load current

satisfies the equation i; =i- +i,; and the inductor current will keep almost constant at the
load step change. So the derivative of load current is identical to the negative derivative of
capacitor current: di, /dt = ~dic /dt .

In addition, the observe value of output current shown in equation (4) could be used to
decouple the resistance term in the feedback, considering that the resistance in the inductor is
very small and the inaccurate observe value will not affect much. The estimated load current

used here is shown in the following expression:

- * .
i, =(v; —VC)/(SLf+rf)—lC (2.11)
, in which v;* represents the control command for the inverter.

This decoupling term provides an additional current loop command to produce the

needed load current without waiting for errors in the voltage to occur, thus the system exhibit
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infinite dynamic stiffness up to the bandwidth of the voltage modulator, provided that the
estimation of the inductance L is accurate. It brings the load current in the closed loop thus
increases the rejection gain for the load current disturbance. This also can be verified by the
bode plot of disturbance to output transfer function of inner loop as shown in Fig. 2.16.
Without load current decoupling, the disturbance to output transfer function is:

G ig__ st+Rf
! sLy+(Ry+Kpp)

c_iol =7 (2.12)

0)(100 | G

lc_iol /,.-f

1

~ —2x10'| [(Gi~ i2
% | C_% /
(D]
:% —4><101 /
§=
o1))]
< 1
= —6x10
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Fig.2.16. Bode plot for load current disturbance to output of inner current loop with and
without load current decoupling
With load current decoupling, the transfer function becomes:

jC _ SLf

G

ic_ip2 :Z_ (2.13)

_S'2Lf +KP2

From the bode plot of these two transfer functions shown in Fig. 2.16, it can be seen that at
low frequency, two methods have the same output stiffness to the load current disturbance;

while at higher frequency range, the controller with load current decoupling has higher
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dynamic stiffness, in another word, a unit change of i, will cause less ic change. This can also
be recognized by observing the pole in the denominator of the transfer function. The pole has
been shifted towards the imaginary axis by adding a load current decoupling loop, which also
decreases the rate of change of i¢c caused by i, because the damping factor has been reduced.
2.4.2. Controller Design

2.4.2.1. Inner current controller design
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Fig.2.17. Control block diagram of Inner capacitor current loop at (a) Continuous (b) Digital case
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Fig.2.18. Simplified digital control block diagram of capacitor current loop after V, and i, decoupling
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The inner current loop design is simplified to a first-order system design after applying the
decoupling scheme. A pole placement technique is used here to design the loop gain, with
considering the real discrete factor and system delay. Fig. 2.17 (a) and (b) shows the block
diagram for inner current loop of the proposed control scheme at continuous and digital case
respectively. The output voltage and output current act as an exogenous disturbance in this
loop. As mentioned before, these disturbances have been suppressed by adding output voltage
and current decoupling feedback. Owing to the canceling effect, the inner current loop can be
simplified into a first order system shown in Fig. 2.18. The block ZOH represents a zero-order
holder used in digital system. As known the analog system can response as fast as possible if
all the poles are placed at minus infinity. But it is impossible to design a continuous system
with proper transfer function. However, in digital system, it is realizable because s=—o0 is
mapped to z=0. Therefore, it is possible for a digital control system to achieve its fastest
response if all the closed-loop poles are placed at zero. This pole placement technique is
referred to deadbeat control.

For the simplified digital system, the closed loop transfer function without considering the

control delay is

—(rg/L)T,
i K e TN _1y 1,
icref 7+ K (e T 1y OO

(2.14)

, in which L f»7'f represents the inductance and resistance of the filter inductor, and 7y is

the switching period.

In order to place Z at zero, K,,; has to satisfy:

e—(rf/Lf)TS

r
sz = / —(rg/L )T, (2.15)
l—e VSRS s

According to the parameters stated in Table I, the K p2 is calculated to be 10.
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However, in practice, a digital implementation will introduce a time delay, usually equal to
one switching period T which strongly limits the system bandwidth and affects the dynamic
performance [63][64].To redesign the inner loop gain, if the control delay Z is considered,

the expression for K, becomes:

—(rf /L )T
X —ryZ(Z —e r f)S)
2= _ 2.16
p l—e (rf/Lf)Tg (2.16)
The pole Z can not be placed at zero because the loop gain becomes zero in this case. If Z is

placed at a small value between 0 and 1, K ,,can be calculated. Obviously K,, value

decreases compared to the non-delay case. Since the pole in s domain can not be placed at
minus infinity, the system dynamic performance has been degraded due to the delay. If the
poles are approaching the imaginary axis, the control delay could also cause the system

stability problem. Based on the gain selection criterion in equation (2.17), K, is set as 6,

which will give enough stability margin.. Also the bandwidth of the closed loop is enough to
obtain a good tracking performance and disturbance rejection capability.

2.4.2.2. Outer Voltage Controller Design

2.4.2.3.
Veref 100us Lomer 1 Ve
Ky, current —» ZOH | —p Cos >
loop /
100us

Fig.2.19. Digital Control Block diagram of Simplified voltage loop
The outer voltage controller design can still use the pole-zero placement technique after
simplifying the inner loop as a simple gain. The digital control block diagram of outer voltage
loop has been shown in Fig. 2.19. Without considering the control delay, the inner loop can be

considered as a constant gain in the design of outer loop controller. However, the control
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delay limits the value of K>, so the dynamic response can not be so perfect as placing the pole
at minus infinity. The closed loop transfer function with considering the control delay can be

expressed as:

KP}Z(l_e—(rf/Lf)TS)

ic
GC = - =
icref Z(Z_e—(rf/Lf)TS)+Kp2 (l_e—(rf/Lf)Ts)

rf

2.17)

With this accurate model, the outer voltage loop closed-loop transfer function can be derived

with design value K 5 :

Veref 73 _272 11.6Z-0.6+

Gy (2.18)

0.6Kp1TS

cf
,in which Cj is the capacitance of the output filter and K ,; is the outer loop gain. The root

of closed-loop system is placed at zero to achieve the deadbeat effect. The outer voltage loop

gain is thus designed to be
Kp=— (2.19)

According to the parameter listed in table II, K, should be designed to be 0.5.

However, the proportional gain of outer loop can not be designed to be very big because the
inner loop transfer function has a near-zero-pole. The increase of the P controller gain will
make system unstable. But a small P gain will cause a relatively big steady-state error. So we
can use a quasi-proportional resonant controller [65] here to provide high gain at fundamental
frequency or harmonic frequencies thus reduce the steady state error. The expression is as
follows:

2K
Gy(s)=Kp2 + ccs

(2.20)

s +2a)cs+a)()2

, in which w,1is the equivalent bandwidth of the controller and K is the resonant gain; w@is
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the frequency that needs a high gain on it. @, needs to be set as small as possible because a
large @, will introduce a phase lag towards the cross-over frequency thus decrease the

phase margin. The final designed parameters are:

@c =10rad / s, K. =50, K 2 =2, w9 =377rad / s . The comparison of simulation results with

P controller and PR controller will be shown at last. In this proposed controller, the load
current and capacitor voltage have been decoupled, so the inner loop becomes a first-order
system. The outer loop gain can be designed to be a relatively large value. So the steady state
error of the proposed P controller can also be limited to a very small range at both constant
load or varied load condition, which can also be demonstrated by the simulation results at the
last part. In order to simplify the control, P controller is preferred to be used here.

2.4.3. Demonstration of its advantage

2.4.3.1. Steady state performance

With the designed parameter, the proposed system could maintain a small steady state error
compared to others. Without capacitor current inner loop while with outer voltage loop by
using PI controller, the closed loop transfer function is

sz(Kp] +Ki] /S)
S’ LpCp+sCrrr+((Kpp+Kiy / s)K py+1)

Ve(s)= Vere (5)=Gor (s Vi(s) (2.21)

With current inner loop while without output voltage and load current decoupling, the closed
loop transfer function is

K,iKp2

Ve(s)= Vcref(s) =Gy (s)Vi(s) (2.22)

SszCf -l-SCf(l"f +Kp2)+(Kp1Kp2 +])

With current inner loop and also with output voltage decoupling and capacitor current
Negative decoupling:

K,iKp2

Ve(s)=
R 2LCp+5(2r7 +CpK py )+(K 1K 3 )

Verep ($)=Gypp (s Vi(s) (2.23)
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Fig.2.20. Bode plot of the closed-loop transfer function from voltage reference to output
voltage with three control strategies
The bode plot of the control to output transfer function has been shown in Fig. 2.20. Table 11

lists the controller gain used for the outer and inner loop. The PI controller parameters for

the first case are K, =0.05,K;; =300 . If estimated value of Ls.Fs ,éf are accurate, the

controller will exhibit perfect tracking capability up to the bandwidth of the outer voltage
loop. Without capacitor current loop, there is resonant peak at the corner frequency of L-C
filter. Without Vcand I, decoupling, the output can not track the reference well. Also both of
them have relatively high gain at high frequency. The proposed control method exhibits
very small tracking error at both low frequency and also exhibits low gain at high frequency.

So it can reduce the tracking error and lower the THD component in the output voltage
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very small tracking error at both low frequency and also exhibits low gain at high frequency.
So it can reduce the tracking error and lower the THD component in the output voltage
waveform.

2.4.3.2. Output Impedance

The closed-loop output impedance depends on the circuit configuration and also the control
strategy. In this proposed controller, the output impedance can be expressed in equation (21)

and the bode plot is shown in Fig. 2.21.

SLf -l-Rf
= (2.24)
N '2Lfo+S(Kp2Cf+Ffo)+Kp1Kp2

Bode Diagram
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Fig. 2.21.0Output impedance of stand-alone system
The impedance phase at fundamental frequency 60Hz is 90 degrees. It means it has
nearly pure inductance characteristics.
2.5. Simulation and experimental results

The simulation and experimental verifications of the proposed control scheme were carried
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out on a 3-kVA system. A DSP-based three-phase inverter is implemented to verify the
proposed multiple-loop control scheme. An experimental prototype using a digital signal
processor TMS320LF2407 digital controller is built. The sampling frequency of the output
voltage and the PWM switching frequency are both 10kHZ. The reference command of outer
voltage is a sampled sinusoidal wave table stored in the program memory of DSP. Table I lists
the specifications of the inverter used in the tests. Table II lists the controller gains used. The
inverter was designed to operate over a 200V dc bus. The filter inductor was designed such
that the switching frequency current ripple is within 30% of rated current.

Table 2-1.System specifications

Switching frequency 10 kHz
Rated Output frequency 60 Hz
Dead time 1.5us
DC-link voltage 200V
Output phase voltage(rms) 60V

Output capacity 3k VA

Filter inductor and resistor
I mH, ImQ Y con.

(Lf,Rf)

Filter capacitor (C f ) 50 uF, Y con

Table 2-2.Controller gains and parameters

Inner loop gain K p2 6
Outer loop gain K pl 0.5
Low pass filter cutoff frequency . 6280 rad/s

2.5.1. Simulation Results
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Fig. 2.22. Simulation results for output voltage (pink one) and reference voltage(blue one) at

(a-b) capacitor voltage differential feedback (CVDF) (c-d) inductor current feedback (ICF)
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Fig. 2.22 (cont’d)

Graphdd
200.0-
100.04}- g
= oo
-100.04 :
200 04 5
[ | I |
0.4 011 012 0.13
tis)
(¢) R =100 Q (Y con.) with ICF
Giraph
200.0
100,044 :
5 oo, i
-100.0- :
-200.0 ’
| [ [ |
0.4 0.11 012 043
tis)

(d)R=5Q(Y con.)with ICF

57




Graph(

(V) t(s)
200.04
Yoah
00 0} 5£--- ~%------- 3--------j---- ---gu------é- L P
. . : : : Yobo
Yoca
-100.04
-200.04
(A) D ts)
S0.0 5 _
iga
20.0 -
1004 -- 1 igh
E: 0.0 4
-10.0- ige
-20.04

_SD'D_l | | | | | ]
047 018 018 oz 024 022 023
t(s)

Fig.2.23. Output voltage and current with RL load of PF=0.5: R =5Q,L =23mH with the multi-loop controller with voltage differential

and load voltage current decoupling with only output voltage feedback
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Fig.2.24. Transition response (output voltage and current ) for step-load change- from 20Q to 5Q (from light load to full load) using (a) PR

controller (b) PI controller for the decoupled multi-loop controller
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Fig.2.25. Simulation results for three phase rectifier load: output voltage and current (a)
With proposed control strategy (b) Without load current decoupling (c) Without load
voltage and load current decoupling
Fig. 2.22 compares capacitor voltage differential feedback control scheme and inductor
current feedback control scheme with respect to the simulated output voltage at various load
condition. It shows that the former scheme has much better stiffness to the load disturbance.
The simulation performances of the multi-loop controller which has both voltage differential
feedback and voltage and current decoupling in the inner loop have been shown in Fig.
2.23-Fig. 2.25. The experiment results with low power factor load have been shown in Fig.
2.23. 1t shows that it can still achieve low THDs even with a low power factor load. Fig. 2.24

shows the dynamic response when the load changed from a light load to full load. As
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shows the dynamic response when the load changed from a light load to full load. As
expected, very fast dynamic response is obtained with the proposed controller. Fig. 2.25
compares the results under nonlinear load with the proposed controller and other two
controllers (b) without load current decoupling (c) without both voltage and current
decoupling. It can be shown that the proposed controller has lower THD in the output voltage
waveform compared to the second case and also has much lower tracking error compared to
the third case.

2.5.2. Experimental Results

Fig. 2.26 (a) (b)(c)(d) shows the steady-state load voltage and DC voltage waveforms of the
inverter at different load conditions. (a)(b)(c) shows the input dc voltage and output line to
line voltage at different resistive load. (d) shows the output line to line voltage and phase a
current at rectifier nonlinear load. These figures indicate that the proposed control strategy is
capable of producing a nearly perfect sinusoidal load voltage with small steady-state error.
Also shown in those figures is that the load current has no appreciable influence on the
voltage loop performance. With nonlinear load, the output voltage THD is within 2.6%. Fig.
2.27 shows the dynamic response of the inverter system for 100% step change in the load
from no load to full load. The figure shows the system exhibits very fast dynamic response
with excellent load voltage regulation from no-load to full-load and with very little change in
the load voltage at the point of applying the full load, indicating that the control scheme

ensures a “stiff” load voltage.
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Vertical @\ .CHR Horizontal-Acyg Trigger CHa

Offset 8.0 U Trdiv Sms Type sinmple

Vrdiv 0.50 UV Rec(Dizp) 10k(180k) Level 0.00 VU

Probe 1:1 Acg Mode Normal Delay 0 .000ns
@ R=w

Fig. 2.26. Experimental results in standalone mode
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Fig. 2.26 (cont’d)

--------- o 0l

Uertical €y .CHH Horizontal.- Acq Trigger CHa

Of fset 9.00 U T diuv onz Type Simple

U div 9.50 U Rec(Disp) 16k(16k) Level 0.00 U

Probe 1:1 Acg Mode Hormal Delay 0 .000ns
(b)) R=10Q
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Fig. 2.26 (cont’d)

090212 12:07:03 (200kS./s)
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(d) Nonlinear Load
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09-83-17 15:42:46 ( 20k3-58)
Stopped 400 I il ! Z0k5-5

Horizontal.-Acg Trigger CHZ

Offzet 8.0 U T diwv SonE Type Simple
Urdiuv 8.58 U Rec(Disp) 10k (18k) Level 8.08 U
Probe 1:1 Acqg Mode HNormal Delay 8.00ns

Fig.2.27. Load change from no load to R=5Q

2.6. Summary

The proposed control strategy for standalone mode of grid-connected inverter is capable to
achieve high-quality dynamic and steady state performances under both linear and non-linear
loads. Moreover, its design is also simple and requires only an accurate knowledge of output
filter parameters. Finally, only the output voltage needs to be sensed provided that dc-link
voltage is constant. The results of the simulations and experiments demonstrate that the
proposed controller can achieve low THD at nonlinear load and fast dynamic response at load

step change.
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CHAPTER 3 ROBUST CURRENT CONTROL SCHEME FOR MICRO-GRID

INVERTER GRID-CONNECTED OPERATION

3.1. Introduction

In grid-connected DG systems, single-phase or three-phase pulse-width modulation (PWM)
voltage-source inverters (VSIs) are often used for interfacing the renewable energy source to
the utility grid [66],[67], and the current control of the grid-connected inverters plays a
predominant role in feeding a grid with high-quality power.

The stationary reference frame proportional-integrator (PI) controller, also called the ramp
comparison current controller, is commonly used for current controlled inverters because of
its simplicity and easy implementation [68],[69]. Nevertheless, it is regarded as a
unsatisfactory solution for ac current regulation because of large steady-state tracking error.
Through this tracking error can be reduced by increasing the PI gain and bandwidth,
unfortunately, it will also push the systems towards their stabilitiy limits. In contrast, the
synchronous frame PI controller can theoretically achieve zero steady-state tracking error by
shifting the base-band information back to dc, however, it requires significant computation
arising from the need for multiple reference frames [69]-[71], [77]. Also it’s difficult to be
applied to single-phase inverters. The newly developed proportional-resonant (PR) can
achieve virtually the same steady-state and transient performance as a synchronous frame PI
controller for both single-phase and three-phase inverters, which is a potential candidate for
the grid-connected inverters [72]-[75].

When connecting the inverter to the utility grid, either a pure inductor (L) or a LCL filter can
be used as the inverter output stage. The LCL filter instead of L filter is more attractive
because it can not only provide higher high-frequency harmonics attenuation with the same
inductance value, but also allow the inverter to operate in both standalone and grid-connected

modes, which makes it a universal inverter for DG applications [79]. However, the system
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incorporating LCL filters is of third order, and it has an inherent high-resonant peak at the
resonant frequency of the LCL filter, which will make the current control instable if the
controller is not suitably designed. To avoid this stability problem, the passive or active
damping methods are usually needed [76]-[78].

In [79], [80], an admittance compensator along with a quasi-resonant-proportional
controller was proposed. Using the inverter output current instead of the grid current as the
feedback signal, the control system can be simplified to a first-order system thus it is possible
to keep the control loop stable with high loop gain and bandwidth. However, from the whole
system view, the filter capacitor and the grid-side inductor form a parallel resonant circuit,
and harmonic current from inverter output in the vicinity of resonant frequency can be
amplified excessively and may cause the resonance of the grid current. Reference [81]
proposed a new control strategy with feedback of grid current plus part of the capacitor
current. In this way, the inverter control system can also be degraded from third-order to
first-order due to the counteraction between zeros and poles. The main drawbacks of this
method are that the grid current is not directly controlled and will be affected by capacitor
current, moreover, the zeros counteract poles only when the values of both inverter-side
inductor and grid-side inductor are well known, which is difficult in practice since the grid
impedance is different depending on the grid stiffness, and changes with time, furthermore, it
is hard to estimate. Alternatively adding a large inductor in grid side will make the
variations of grid impedance relatively smaller, but it’s not a cost-effective solution since
manufactures tend to minimize the number and volume of the magnetic components. In fact,
large grid impedance variation will seriously affect the performance of the current control,
challenging the control of grid-connected inverter and the grid filter design in terms of
stability. A theoretical analysis of the grid stiffness influence on current control is given in

[82].
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Taking the grid impedance into consideration, in the condition that the grid impedance is
big enough when compared to the filter capacitor impedance at the switching frequency, the
grid-side filter inductor can be eliminated, in other words, we can use LC filter instead of LCL
filter to reduce one filter inductor. By optimally selecting the value of filter capacitor, this
condition is easy to be satisfied since the total grid-impedance includes the line impedance
and the internal impedance of the grid, in some applications, a transformer is used to couple
the inverter to the grid which will equivalently increase the grid impedance.

To address all the aforementioned issues, this paper proposes a robust control scheme for
grid-connected voltage source inverters with LC filters. The objective is to achieve small
steady-state tracking error and low total harmonic distortion (THD) of the grid current while
keep the system stable in the predefined variation ranges of the grid impedance. In the
beginning, this paper analyzes the stability problems of the conventional current controlled
inverters caused by the possible grid-impedance variations. To deal with this stability problem,
an Hoo controller with the explicit robustness in terms of grid impedance variations is
proposed to incorporate the desired tracking performance and stability margin. By properly
selecting the weighting functions, the synthesized Hoo controller exhibits high gains at the
vicinity of the line frequency, similar to the traditional proportional-resonant (PR) controller,
and enough high frequency attenuation to keep the control loop stable. An inner
inverter-output-current loop with high bandwidth is also designed to get better disturbance
(e.g. dead time effect) rejection capability. The selection of weighting functions, inner
inverter-output-current loop design, and system disturbance rejection capability are discussed
in detail in this paper. Both simulation and experimental results of the proposed Hoo controller
as well as the conventional PI controller are given and compared, which validates the
performance of the proposed control scheme.

3.2. Current control strategy for grid-connected mode
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The Fig. 2.1 shows the configuration of the three-phase grid-connected VSI with LC filters,
using LC filters. When the inverter operates in grid-connected mode, the solid state relay is

turned on. The system parameters are as follows: Lf =1mH,Cf =50 uF , the cut-off

frequency fc = =712 Hz ,V4jc =400V , f¢ =10 kHz , output phase voltage 120 V,

1
272N LC

frequency of output voltage fp, =60 Hz.

69



Va_)
Ve—p

] Vo Power stage
l »  Crs
I K Ym ol x vi_ ¥ \ 1 'z
P —> Kppu—>( —> Lys
(a)
0 Mz,
abc » mod (27) —09—>
Vg Loop filter
dgq S
» 127 ——>
(b)

Fig.3.1.Block diagram of (a) the closed-loop current control, (b) three-phase PLL for grid synchronization.
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The control strategy of the grid-connected inverter is shown in Fig. 3.1, where the line

impedance and grid internal impedance are ignored, the output voltage Vgis equal to grid
voltage vg . By using dc-link voltage feed forward, we can keep Kpwm =1. Without

considering the control delay, one has

K ps+Kj Ls?2
g (s)=—— Pt lpef (5)- f Ic (s)
Lf32+KpS+Ki Lf52+KpS+Ki
K ps+Kj LfCfs3
=P et (5) - () (31)
Lfsc+Kps+Kj Lf82+KpS+Ki

=Giref _ig ()1 jref (s)—Dyvo _ig (s)Vo (s)
From (1), we can plot the bode diagrams of Gref ig(s) , Dyvo_ig(s) with

K'p =8, Kj =8000, as shown in Fig. 3.2.

D /
i% Gref _ig (s) \
= —30 )
= / Dvo_ig (s)
- 1005 100 1000 10000
f (Hz)
180
Dvo _ig (s) /
) Gref _ig (s)
= —60 — ]
— |
— 130 -
10 100 12107 1>10%

f (Hz)

Fig.3.2. Bode diagrams of Gref _ig (s),Dvo_ig (s).
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The influence of the grid-impedance variations on the current control is investigated and
disscussed based on the stationary reference frame PI controller along with a capacitor voltage

v, feed-forward compensator, as shown in Fig. 3.1, where Kppy, 1s the inverter gain, which

can be regarded as unity by measuring the dc-link voltage, ¢ ° Tq represents the control delay,
T, is equal to one switching period in this paper, and v, is the modulation signal. Here
feed-forward controller is employed to reduce the effect of the grid voltage and to increase
dynamic response [69], [73]. Fig.3.3 (b) shows the simplified control blcok diagram

corresponding to Fig. 3.3(b) without considering the control delay.
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Fig.3.3. (a) block diagram of the PI controller along with the capacitor voltage feed-forward compensator, (b) simplified control block diagram.
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Table 3-1.System parameters

Parameter Value
Grid phase voltage 120 Vrus
Frequency 60 Hz
Grid | Grid resistance rq €[0.1,0.5]Q, with nominal value 0.2 Q
Grid inductance Lg ) < [0'_05’ 0.3)mH,
with nominal value 0.15 mH
Rated Power S kVA
Switching Frequency 10 kHz
Inverter Sampling frequency 10 kHz
Ly 1 mH (4.4% p. u.)
Cr 50 uF (6.1 p.u.)

Before embarking on studying the influence of grid impedance on the current control loop, let

us consider the grid impedance Zg is small enough and can be ignored first. Without
considering the grid impedance, the output voltage v, is equal to the grid voltagev,, , the

current-loop transfer function is the same as an L-filter based inverter. Assuming Kpyy~=1, the

following closed-loop transfer function of the grid current can be obtained as:

Ig (S)ZGiref_ig (S)[ref (S)—ng_ig (S)Vg (s)

LrCrs3 (3.1)

Kps+Kj
P ! Vg(S)

= > Iref (s)— 3
Lfs“+Kps+Kij Lfs“+Kps+Kij

where Giref_ ig (s) and ng_ ig(s) represent reference-to-grid current and grid

voltage-to-grid current transfer functions, respectively. With K, =3, K;=3000, the

crossover frequency of the open loop is set at 500 Hz, and the bode diagrams of
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Giref ig (s)and ng ig(s)are shown in Fig..
When considering the grid impedance Zg , there will be an additional second-order transfer

function Gg (s) in the control loop as shown in the shadow area of Fig. 3.3(b),

1
Ga(s)= .
Lngs2+Cfrgs+1 (3.2)
Equation (2) can be written as the following normalized form:
2
Gals) =—5——" (3.3)

s +2& wps + co;%

where a)n=1/ JLgCf is natural angular frequency, and & =0.5rg,/Cf /Lg is the

damping ratio. As is well known, for &3 less than one, the unit-step response of (3) will
exhibit over-shooting and ringing, while the frequency response of (3) will have a resonant
peak, so called “under damping”. Specifically, if the line impedance Z g is highly inductive,
Eawill be close to zero, thus leading to high resonant peak and may causing the system

instable. The stability problem will be more serious when Lg is large, resulting ;, close to
line frequency. With considering Z g> the closed-loop transfer function of the grid current can

be rewritten as
Ig (S) = Gfref_ig (S)Iref (S)—Z{/g_ig (S)Vg (S)
_ KpS+Kl
LiLoCrs*+LyCrrgsd +Lfs? +K ps+K;

]ref (S) (34)

Lfos3

- ) 3 3 Vg(S)
LfLgCfs*+LfCfrgs > +Lfs“+Kps+Kj
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Fig.3.4. Bode diagrams of Giref _ig (s)and ng_ig (s).

Fig. 3.5 shows the root loci of the control system with (a) 7,=0.1 Q and L, changing from
1 uH to 100 pH, (b) L,= 10 pH, 100 pH separately and 7,
where K p= 3,K; =3000 and the arrow direction represents the corresponding value

increasing. Fig. 3.5(a) reveals that with a constantry , as L, increasing, the dominant roots of

the characteristic equation move toward the right half-plane,

with a constant Lg ,as Ig increasing, the roots move toward the left half-plane and away the
imaginary axis. Therefore, when grid impedance Z g increases and keeps highly inductive,

resulting a less damped system, the poles are attracted to imaginary or even right half-plane,

which may cause the system oscillatory or even instable. In addition, even with the enough
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damping ratio £,(£, =1), as both Lg and Ig increasing together, the poles are still

attracted to the imaginary axis, resulting less stability margin, as shown in Fig. 3.6. Therefore,

even with enough damping ratio, large value of Ly will still limit the system bandwidth and

affect the system stability. In conclusion, the low-frequency gain and bandwidth will be

seriously limited by large value of L, , which will consequently decrease the tracking

performance and disturbance rejection capability. Hence, large grid impedance variation is
challenging the control of grid-connected inverter and the grid filter design in terms of
stability.

It is notable that if we decrease the capacitance of C /& with the same value ong , the
natural frequency @, will increase and the system stability problem will be alleviated.
Unfortunately, smaller C f will increase the inverter output impedance in the stand-alone

mode, thus increasing the THD of output voltage. In addition, the control delay between the
sampling instant and duty-cycle update instant also decreases the stability margin of the
system and strongly limits the bandwidth of the control loop [84]. Here we focus on analyzing
the stability problem caused by the grid impedance variation, and we won’t discuss the details

of the control delay’s impact on the system stability.
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Fig.3.6. Root locus of the control system with Lg changing from 100 uH to 1 mH,
and&, =1.

3.4. Design of the Robust Controller for Grid-connected Inverters [107]

To deal with the stability problem caused by the uncertainty of the grid impedance, an Hoo
controller is proposed in this paper. The design goal is to get desired tracking performance,
such as small steady-state tracking error and low THD of the grid current, while keep the
system stable in the predefined variation ranges of the grid impedance as given in the Table. 1.
The Hoo control theory has been introduced in the early 1980s and opened a new direction in
robust control design. Recently, this approach has been applied to the control of active power
filters (APF), uninterrupted power supply (UPS), dc-dc boost converters, and dynamic voltage
restorer (DVR) to effectively mitigate the effects of the uncertain parameters [85]-[89].

Fig. 3.7 shows (a) the proposed control block and (b) the standard Heo control configuration

with weighting functions. It’s notable that 1/ L fsas shown in Fig. 3.3(b) is merged into the

desired Hoo controller K(s), then the Hoo controller only needs to deal with the uncertain
second-order control plant, otherwise third-order control plant needs to be compensated,

which will be more difficult. In Fig. 3.7 (a), iy is the equivalent current disturbance, and the
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1)

design goal of K(s) is to get both desired tracing performance and robustness in the predefined

variation ranges of Lg g In Fig. 3.7 (b), G, (s)is the nominal plant; z, y, w and u are the

controlled output, the measured output, the exogenous input, and the control input,
respectively, W;, W, and W; are the weighting functions for tracking error performance, the
weight on the controller transfer function, and robust performance, respectively. The Hoo
controller synthesis is conducted by the singular value loop shaping using mixed-sensitivity
approach. The objective is to synthesize the stabilizing controller K(s) so that the Hoo gain

from w to z is less than 1, i.e.,

<1 (3.5)

o0

||T wz” o <lorequivalently HW3T

where  S(s)=1/(1+GgN(s)K(s)) is the sensitivity transfer function, and

T(s)=GgN (5)K(s)/(1+GgN (s)K(s)) is called the complementary sensitivity transfer

function since they satisfy

T(s)+S(s)=1. (3.6)
It can be seen from (5) that the mixed-sensitivity approach is simply the shaping of 7(s)
(transfer function from reference to output, or closed-loop transfer function) and S(s) (transfer
function from reference to error), by properly selecting their respective weighting function W;
and W3, respectively. Typically, we would choose W, to have high gain inside the desired
control bandwidth to achieve good disturbance attenuation (i.e., tracking performance), and
choose W;to have high gain outside the control bandwidth, which helps to ensure good
stability margin (i.e., robustness). W, is the weight on the controller transfer function. A small
value (0.1) is assigned to W, to ensure the D;,; matrix of the augmented plant is of full rank
[88].

The Hoo loop-shaping design may be processed as following steps:

Make the proper selection of weighting functions
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2) Perform a standard Hoo synthesis to obtain an adequate controller which makes the
closed-loop system having the desired loop shapes.
3) Reduce the order of K(s) for practical implementation while keep almost the same

performance as the original controller.

lq
iref ( ) iL P 1 ig
+ Ks) + Lng52 @i e
Al
(a)
Avomented Plant P(<\ 1 |
‘AugmentedPlantP(S) o wi(s) _:_>
|
| \
1 > W, (s) J\—» z
W= ire | |
Lo (O BlGaf Mo >
| 4 - ;
\ 1 ‘
ul-————— —— Y
K(s) |«
(b)

Fig.3.7. (a) proposed robust control block, (b) standard Hoo control configuration with
weighting functions.
3.4.1. Weighting Function Selection for Tracking Error Performance

According to the procedure described above, we consider the determination of weighting
function W; first. Since the sensitivity transfer function S(s) is the gain from reference to error,
for the sinusoidal reference voltage, small tracking error means that the gain of S(s) must be
small at the line frequency or in a small neighborhood around the line frequency. From (5),

S(s) 1s shaped in frequency according to the profile specified by //W;. Hence the weighting
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function W, should exhibits high gains at only the vicinity of the line frequency while
providing smaller gains at all the other frequencies. Here, W; is selected as a standard

second-order weighting function similar to [87], [88],

k1a)§
wm = 3 3 (3.7)
5%+ 28mos +

where wy is set as the line frequency, w,=2n-60. The k; in the numerator gives a freedom for
adjusting the tracking error over the whole frequency range, and the damping ratio ¢ provides
another degree of freedom for specifically regulating the tracking error performance at the
line frequency wy, a smaller ¢ gives a larger resonant peak but narrower bandwidth around the
frequency wy. When £—0, the resulting Hoo controller will act like an ideal PR controller,
which can theoretically achieve zero steady-state error at the line frequency. In this paper,
k=2, £=0.01.

3.4.2. Weighting Function Selection for Robust performance

From Fig. 3.7, the nominal plant G x(s) is expressed as

1
LgNCfs2 +Crrgns+1

Gan () = 3.8)

where Loy, rev 1s the nominal value of the grid equivalent inductance and resistance,
respectively. The nominal value Lyv=0.15 mH, roy=0.2 Q as given in Table I. This parameter
uncertainty is transformed to multiplicative output uncertainty, and the resulting relative plant

uncertainty with respect to the nominal plant, expressed as

AGs) = o(Za=GaN : (3.9)
aN

A(s) is the plant uncertainty, G is the disturbed plant as given in (2), corresponding to the
parameter variations Lg €[0.05,0.3]mH, rg €[0.1,0.5]Q2, and o(H ) stands for the singular

values of transfer function H. To achieve required robustness, the condition ||W3T || oo <lmust
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be satisfied. The weighting function W3is determined by the worst profile of A(S). One can

choose the weighting function W3 that just bounds the worst case uncertainty spectrum from

0.3 mH) and rg

above. The worst case of A(S) can be obtained when Lgis maximum (Lg

0.1 Q) is minimum. Thus W3 is chosen as

(rg

(3.10)

s2£0.909-10 35 +1)

k3(2.066-10~7

W3

0.8. Fig. 3.8 shows relative plant uncertainty A(S) with different parameter

where k3

variations (the solid line indicating the worst case of the plant uncertainty) and the weighting

In addition, the weighting functions Wi ~W3 need to be proper transfer

function W3.

functions (i.e. the degree of the numerator does not exceed the degree of the denominator) as

required by Matlab mixsyn function. Therefore, two poles far away with the line frequency are

added in the denominator ofW3, leading to

(3.11)

s241.6-100s+6.4-10!1

1.058-10°s2 +4.655-1085+5.12-10! 1
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Fig.3.8. Singular values of A(S)and weighting functionWs3.
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3.4.3. Mixed-Sensitivity Hoo Controller Synthesis

After selecting the necessary weighting functions, mixed-sensitivity optimization control
design can be conducted by the Robust Control Toolbox in Matlab software to synthesize an
Hoo controller K(s) such that the Hoo norm of the weighted mixed sensitivity is minimized. By
using the model reduction function reduce in Matlab, the original sixth-order K(s) is then
reduced to following third-order for easy implementation with almost the same performance
as the original controller

242.825-1005+3.65-10%

2 $1.581-10°5+3.005-10%

608.4s
s3 +2122s

K(s)= (3.12)

Fig. 3.9 shows the singular values of the original sixth-order K(s) and the reduced third-order
K(s). The third-order K(s) has almost the same singular values at low frequencies, but less
high-frequency attenuation at the vicinity of natural angular frequency w,. The singular values
of Wi(s), Ws(s), and the resulting S(s), 7(s) are shown in Fig. 3.10. As expected, the designed
Hoo controller in Fig. 3.8 exhibits significant gain at the line frequency to ensure nearly zero
steady-state error. Also, it can be seen that the singular value of Hoo controller falls quickly at
high frequencies, making the control system immune to the resonant peak of G,(s) in (3) as

well as high-frequency switching or measurement noises.
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Fig.3.11. The overall control block diagram: Hoo controller combined with an inner inverter-output current control loop, and the three-phase PLL

for grid synchronization
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The 1/ Lys is a physical transfer function, and needs to be restored from K(s). There are two

options to restore it:

1) Split the designed K(s) into two parts, the physical transfer function l/L fs and the
controller K'(s) = K(s)-Lrs.

2) Remain the designed K(s), but add an inner inverter-output current feedback loop. Ideally,

the closed-loop gain of this inner current loop, including the transfer functionl/Lss , can be

regarded as unity.

From the control block shown in Fig. 3.3, method 2 employs a closed-loop control for
inverter-output current, unlike the method 1 that uses an open-loop control. With properly
designed high bandwidth, method 2 will have much better disturbance (e.g. dead time effect,
model deviation and so on) rejection capability than method 1. Finally, Fig. 3.11 shows the
overall control bock diagram: Hoo controller combined with an inner inverter-output current
control loop, and the three-phase phase-locked loop (PLL) for grid synchronization [66]. In

Fig. 3.11, for each phase, the three-phase grid-current reference

irefa = iref -sin @
irefb = Iref -sin(6-120") (3.14)
irefc = iref -sin(0+1200)

where 0 is the output of the PLL as shown in Fig.3.10.

A simple proportional compensator K,. is used in the inner inverter-output current

feedback loop to get better control performance. Ideally, the loop gain and bandwidth of the

inner loop should be maximized by using a higher value of K ., to achieve perfect reference

pe>
tracking at all input frequencies, a faster dynamic response and the complete disturbance

rejection. A high gain of K. gives the desired performance, and meanwhile stability

problem would arise during physical implementation due to the control delay, measurement
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noises, and so on. In this paper, K,. =5 is chosen.

3.5. Simulation and Experimental Results

Graphl

200.0-

100.04
0.04t-
-100.04

{¥)

-200.0-
40.0 -

200l

(A)

20,0 . j
-40.0- '

ood-. __________ ......... .........

018 0.18 02 021 g2z
t(s)

(V) 1(s)
Yoah

(A (5]
i3

Fig.3.12.  Simulation results of PI controller with grid impedance [7, L, ] changing from

[0.1 Q, 0.05 mH] to [0.2 Q, 0.2 mH] at the instant =0.2s.
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Fig. 3.13.Simulation results of Heo controller with grid impedance [r, L,] changing from

[0.1 Q, 0.05 mH] to [0.2 Q, 0.3 mH] at the instant =0.25s.
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Fig.3.14. Simulation results of Hoo controller with 7, changing from 10 A to 20A at the

instant 7=0.2s.

.The performance of the proposed Hoo controller was first verified via computer simulation,
and then realized and tested in the laboratory. The simulation and experimental results based
on conventional PI controller were also given as a comparison. In our simulation and
experiment, a transformer with turn ratio 1: 2 is used to couple the 3-phase inverter to the grid.
Therefore, the inverter output voltage v, is about half of the grid voltage v,. To be consistent,
all the parameters in both simulation and experiment are the same as given in Table 1.

3.5.1. Simulation Results

The simulations have been carried out under continuous domain with a switching frequency
of 10 kHz and one switching period control delay. To investigate the tracking performance as

well as the system stability, simulations have been developed under different (weak or stiff)
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grid conditions.

Fig. 3.12 shows the simulation results of the PI controller with grid impedance [ry,L,]

changing from [0.1 Q, 0.05 mH] to [0.2 Q, 0.2 mH] at the instant 7=0.2s,

where K ), =4, K; =4000. From Fig., it can be seen that with L,increasing, the system

exhibits oscillations and tends to instability, which is a good agreement with the analysis in

section II. Through decreasing the loop gain (e.g. K, =3,K; =3000) can sustain the system

stable, however, it will significantly decrease the tracking performance and the disturbance
rejection capability, thus resulting higher THD of the grid current. Fig. 3.13 shows the

simulation results of proposed Hoo controller with grid impedance [r ,Lg] changing from

from [0.1 Q, 0.05 mH] to [0.2 Q, 0.3 mH] at the instant /=0.2s, which reveals that the system

can keep stable with the grid impedance variations in a wide range. In addition, the simulation

A\

results of Hoo controller with amplitude of grid-current reference (denoted as Iref) step

change from 10 A to 20A at the instantz=0.2s are also given in Fig. 3.14. This figure states
that with the grid current reference step change, the output grid current can faithfully follow

the reference after a short regulation time.

3.5.2. Experimental Results

In the simulation, the continuous-time controller is used, while in the experiment, the
third-order Hoo controller in (3.12) need to be discretized as shown in the following
expression with the coefficients calculated by the bilinear transformation method,

-3
3

-1 -2
K(Z):b0+b1 z “+by-z “+by-z

7 3 (3.15)
l+ay-z "+ay-z “+az-z

The coefficients a;~a; and b;~b; in (3.14) should keep enough decimal digits to avoid loss of

accuracy. The discrete Hoo controller in (3.15) was implemented with a 16-bit fixed-point
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digital signal processor (DSP), TMS320LF2407 in our experiments, which can operate at 40
million instructions per second (MIPS). Nevertheless, 32-bit fixed-point or floating-point DSP
is strongly recommended for better calculation speed and avoiding the numerical error during
the calculation. To verify the advantages of the proposed control scheme, the experiments
based on the conventional PI controller and the Hoo controller are developed with two
different grid impedances. The tuned parameters of the PI controller in the experiment are

Ky = 3, K; =3000. For PI control, this combination of parameters gives the best performance

in terms of both THD of the grid current and system stability.

In the first case, the measured grid impedance [r,,L,] =[0.1 €, 0.15 mH]. Fig. (a), (b) show

the experimental results of the conventional PI controller with different amplitude of

A

grid-current reference, I, =104,204 respectively, while Fig. 3.16 (a), (b) show the

corresponding experimental results of the proposed Hoo controller. The start-up processes for
Hoo controller is also given in Fig. 3.16(c), respectively. From Fig.3.15-Fig.3.16, we see that
in both control methods, the grid voltage and the corresponding grid current are in phase and
near-unity power factor is achieved. However, the grid-current waveforms of the Hoo
controller are much better than that of PI controller.

In the second case, with an intentionally added inductor, the grid [rg,Lg] =[0.1 Q, 0.3 mH].

Due to the page limit, the experimental waveforms are not shown, but the measured THD of
the grid current for all cases are listed in Table II. It can be seen that the grid current THD of
Hoo controller are always lower than that of PI controller and almost keep unchanged with the
grid-impedance variations, which satisfy the THD requirement of IEEE Std. 1547-2003 (i.e.
5%).

From the measured waveforms and THD of grid current, it is evident that proposed Hoo

controller has satisfactory performance while applying to grid-connected inverters to deal
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with the possible grid impedance variations. In the simulation and experiments, the grid
impedance variations are within the predefined range as given in Table. I. In the condition that
the grid impedance variations are beyond this range, we can use the same design method but
re-select the weighting functions and synthesize a new Hoo controller to get the satisfactory

control performance as well.
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Fig.3.16. Experimental results of the proposed Hoo controller in steady-state and the start-up

process.
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Fig.3.16. Experimental results of the proposed Hoo controller in steady-state and the start-up

process.
Table 3-2.THD of Grid Current (%)
A
AN N
Grid Impedance Ctrl. Method lref =10A lref =15A Iref =20A
[rg.Lgl- PI Controller 4.327% 3.681% 3.184%
[0.2 Q, 0.15 mH] Hoo Controller 3.398% 2.441% 2.385%
[rg.Lgl- PI Controller 5.277% 4.859% 4.553%
[0.2 Q, 0.3 mH] Hoo Controller 3.709% 2.401% 2.206%
3.6. Summary

In the grid-connected voltage source inverter with LC filters, the possible wide range of
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grid-impedance variations can challenge the design of the controller, especially when the
grid-impedance is highly inductive. This paper proposes an Hoo controller with the explicit
robustness in terms of grid impedance variations to incorporate the desired tracking
performance and stability margin. By properly selecting the weighting functions, the
synthesized Hoo controller exhibits high gains at the vicinity of the line frequency, similar to
the traditional PR controller, meanwhile it has enough high frequency attenuation to keep the
control loop stable. An inner inverter-output-current loop with high bandwidth is also
designed to get better disturbance rejection capability. The selection of weighting functions,
inner inverter-output-current loop design, and system disturbance rejection capability are
discussed in detail in this paper. Both simulation and experimental results of the proposed Hoo
controller, with comparison to the conventional PI controller, are given to validate the
performance of the proposed control scheme. It should be noted again that the proposed Hoo
controller can be easily applied to single-phase grid-connected inverter as well since it is

developed in the stationary reference frame.
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CHAPTER 4 SEAMLESS TRANSITION CONTROL SCHEME

4.1. Introduction

The grid-connected inverter works as a controlled current source in grid-connected mode,
while operates as a controlled voltage source in standalone mode. So in case of utility faults or
intentional islanding, the inverter has to change its control strategy from current control to
voltage control. In the transition from grid-connected to standalone operation, Solid State
Relay (SSR) is used here as the switch between DG and grid. However, the turn-off
characteristics of the SSR makes the transition last for a long time up to half a cycle. So in
order to force the grid currents through the SSR switches to decrease to zero at much less time
and make the voltage fluctuates within permissible levels during SSRs turn-off period, the
voltage control based voltage amplitude regulation, instantaneous voltage regulation
algorithms and current control based zero current regulation algorithms have been adopted in
transition. In standalone mode and grid-connected mode, the previously proposed controllers
are adopted. After disconnection from the grid, the inverter will recover its voltage to a rated
level. Simulation and experiments are carried out to verify the proposed controllers and
algorithms.

4.2. Principle and Analysis of Transfer Strategies [108]

4.2.1. Voltage control based transfer strategies [90-92]
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Table 4-1.Equations for voltage, current and transition time

Varibles \oltage amplitude regulation Instant voltage regulation
ig lg sin(wt) lg sin(wt + 0)
Vg Vg sin(at) Vg sin(at + 6)
Vg2 Vo2m sin(at) Vg +Vp
VL VI =Vpp —Vs = Lgdig /dt v =Vp =kv (tg)
At = _ig = Lgl gm Atzmzizmnstant
dig /dt  Vgn —Voom 7 ke
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The voltage amplitude regulation, and instantaneous voltage regulation [95] are both based on
applying voltage control strategy in transition time. Fig.4.1 shows the voltage and current
phasor diagram for above two strategies. Voltage amplitude regulation method represses the
current by increasing or decreasing voltage amplitude while keep phase the same in the
transition. Once the grid current is force to decrease to zero, the SSR are turned off and the
reference output voltage is recovered to the rated value. It takes less time to complete the
transfer process hence minimize the voltage distortion. Instantaneous voltage regulation is to
generate a constant voltage difference holding a fixed ratio to the initial grid current at
transition start, which can settle the transition time to a fixed value. The detailed equations

between transition time At and other parameters are shown in Table.1. The variables used

are defined as: vy -- grid phase voltage; v, -- initial inverter output phase voltage;

v, --regulated inverter output phase voltage; g --grid side phase current; ¢;--the moment

that the drive signal of SSR is given; v; --grid side inductor regulated voltage; V}, --pre-set

voltage drop on the inductor.

4.2.2. Current control based transfer strategies [93-95]

The principle of zero current regulation is to retain the current control mode in transition but
change the current reference to zero. After the current drops to zero, SSR will turn off and the
system shifts to voltage control. Due to the delay of zero current sensing, there is a blank time
between disconnection and control mode shift in which voltage is out of control. However, the
zero current regulation dynamic response depends on the step response time of current control
loop, which is shorter than the time for voltage control loop, thus it gets better dynamic
performance. However, this method doesn’t rely on the grid side voltage and also don’t need
to sense the voltage accurately. So it is preferred in grid voltage short circuit or highly
disturbed case.

4.3. Simulation and Experimental Result
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The system parameter in the simulation and experiment is:

w=377rad /S, fSW :10kHZ,V5m :85\/,Vdc = 200V, Lf :1mH,
Ct =50uF, Lg =0.1mH,rg = 0.1Q, I ref =20A

Assume grid absorbs current from inverter.

4.3.1. Simulation results

Fig.4.2 (a) (b) (c) shows the simulation results for the three strategies respectively. The
current reference in grid-connected mode is set to be 20A. In Fig.4.2 (a), the inverter output
voltage reference is set to be 0.8 times of the grid voltage in the transition. According to the
equations in table I, the transition time is calculated to be 0.2ms. The total transition time is
0.8ms by adding the calculated value and voltage loop step response rising time 0.6ms, which

is coincident with the simulation results.

100.0 -
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7 . \ - 4
3 % = 7. !
S 5 : I
3 % : !
L
r g

_ _ #  Grid outage signal

! l I | | I |
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t(s)

-100.0 X

(a)
Fig.4.2. Simulation results for grid voltage Vs, inverter output voltage Vo, grid side current ig
in transition using different strategy (a) voltage amplitude regulation (b) voltage instantaneous

value regulation (c) zero current regulation
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Fig.4.2 (cont'd)
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In Fig.4.2 (b), the constant voltage difference is 20V, so the transition time is fixed at 1ms as
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calculated, which is the same as simulation result. In Fig.4.2 (c), as mentioned before current
regulation method has relatively small transition time but bigger voltage distortion.

4.3.2. Experimental results

Fig.4.3 shows the experimental results for voltage instantaneous value regulation and zero
current regulation. The three upper sinusoidal waveforms are the inverter output voltage and
the three lower ones are the current before the load (load are connected in parallel with
capacitor on the grid side). So the current after the transition is equal to the load current which
is not zero as simulated one. The green one is the grid outage signal, which also indicates the
time that the SSR off signal is sent out. From the experimental waveforms, it can be seen that
the voltage distortion and transition time are both in a reasonable range. Voltage control based

regulation will last for longer time than current control based strategy, while the current
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Fig.4.3 (cont'd)
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control one may cause a relatively big voltage amplitude and phase change. Voltage based
algorithms are used when the grid maintain its voltage after transition and current based
algorithm is used when grid voltage is highly distorted.

4.4. Summary

In this section, the voltage based and current control based algorithm are adopted in transition
to force the current to decrease to zero at a short time. The simulation and experimental
results show that the proposed control algorithms can provide seamless transfers between the
two operating modes for the inverter, avoiding the temporarily uncontrolled output voltage. It

can be valuable for grid-connected inverters such as PV and fuel cell generation system.
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CHAPTERS INTELLIGENT ISLANDING DETECTION AND LOAD SHEDDING

SCHEME

5.1. Introduction

Islanding is a condition that a portion of the microgrid which contains DG and load is isolated
from the reminder of the utility system but continue to provide adequate power to local
sensitive loads and maintain service within the microgrid [96]. Chapter 3 presents the current
control strategy for the inverter grid-connected operation. Chapter 2 presents the voltage
control strategy for the inverter standalone operation when the DG is in islanding condition,
which is also called standalone operation. Chapter 4 presents the control strategy in the
transition between these two operation modes. When the microgrid is cut off from the main
grid, intentional islanding operation, each DG inverter system must detect this islanding
situation and then switches from grid-connected mode to standalone mode. This section will
concentrate on the analysis on characteristics of inverter voltage in the islanding moment.
Also an islanding detection method has been provided based on the characteristics.
Particularly, the following topics will be addressed: grid-connected system power control
mode and current control mode, transient analysis during power outage, islanding detection
and load shedding, standalone system control mode, synchronization in re-connection. Some
simulation and experimental results are also shown in this paper to illustrate the above
mentioned issues [109].

5.2. Constant power load

Typically, there are three types of loads: the constant impedance load, the constant power
loads, and the constant current loads. Constant impedance load is just normal impedance and
constant current loads can be modeled as constant current source. In order to study the effects
of constant power loads in ac systems, a modeling approach considering small signal

variations around the operating point is used [98]. AC constant power loads can be considered
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as dc constant power loads with diode rectifier at the front stage. The voltage of the constant
power load is assumed to be sinusoidal. However, the current is not sinusoidal. By neglecting
the harmonics, we only consider the fundamental component of the current. Also a
small-signal perturbation in the amplitude of the voltage and current is considered. So the

average constant power can be expressed as:

1 1
P= Evmax Imax =Vrms I rms = E(Vmax +Vmax )(Imax + Imax) (5.1

Neglecting the second order term, we can conclude

HiaX _ _max :_RCPL (52)
I Imax
max
So RcpL is defined as
Vinax Vrms2
RepL :I—:P— (5.3)
max L

Therefore, the ac constant power load behaves as a negative resistance of which the absolute
value is equal to the impedance of the constant power load at its operating point. In another
viewpoint, the CPL also can be considered as a voltage controlled current source, as shown in

Fig.5.1. The gain between

Vla | VLb| VLc|

KL KL KL

ILa ILb ILc

Fig.5.1. Constant power load equivalent model

load voltage and load current K| is calculated by equation (4), and the three phase currents

are calculated using equation (5).

107



K P P
L= 27y 2 2 2
Vicims™ Via” V™ +Vie

(5.4)

iLj =K Vi (i=a,b,c) (5.5)
5.3. Grid-connected system control method under constant power load

5.3.1. Constant power control method

* i i \ i* *
Vom0 o, 2 iGi* P L Va' § spwM

Fig.5.2.Constant power controller in grid-connected system

During normal grid operation, the DG supplies a pre-set (or available maximum from the
source) power to the grid Fig.5.2 shows the control block diagram of the VSI-based DG. The
objective of the controller is to control the VSI to inject real power to the grid according to a
pre-set reference value PG*. The power reference and the voltages at the CPL (Vi,, Vb, and
VL.) are used to set references for the current controllers. The inductor current I in the LC
filter is controlled to follow the reference current [98]. This reference current is given by
equation (6), where Vi.rms is the RMS value of line to line voltage and PG* is power reference.
To implement synchronization and maintain the stability of the DG system, a band-pass-filter
at the line frequency is used to generate the current reference without using a PLL circuit,

which is beneficial. The transfer function to realize these parameters is shown in equation (7).

lga = %VLa (5.6)
I-Irms
@
BPF(s) = Q (5.7)
2+ As i o
Q

5.3.2. Constant current control method

The details of constant current control mode have been shown in chapter 3.
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5.4. Load voltage transient characteristics in the transition from grid-connected mode to
standalone mode
5.4.1. Load voltage transient analysis in constant power control mode with constant power
load during power outage

During normal grid operation, the DG provides a constant power to the grid. The power
depends on many factors such as the availability of energy, energy cost, and so on. The main
grid is supplying or absorbing the power difference between the DGs and the local load.
When the main power grid is out, the DG delivering pre-set or available maximum power to
the microgrid can create voltage and frequency transients which are dependent on the degree
of the power difference.

The power difference causes the voltage to drift from nominal values. When the voltage
drifts to a pre-defined level, it is deemed that islanding is occurring. This methodology is
suitable for both islanding detection and anti-islanding operation (during an anti-islanding

operation, the DGs cease providing power to loads).
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Fig.5.3. Model of the Constant-Power Controlled DG
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Fig.5.4. Voltage amplitude drift of inverter
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5.4.2. Load voltage transient analysis in constant current control mode with constant
impedance load during power outage

In constant current control mode, the inverter and the filter together can be considered as a

constant current source and the grid can be modeled as a constant voltage source supplying

the power to impedance load. So the voltage drift in the transient from grid-connected to

standalone is shown in Fig.5.6 in the degree of power differences. Assume the load impedance

is a parallel resistor and capacitor of whichRy, =1,Z¢p, =2.

1-5 T _“_I_._ T T T T T T

1.4 /--/"" 50%

131 / 25%
=12 | / R
a1 |/ ]
T V 0% 3
< 1.0

0.9 k -

0.8 -25%

0.7

06 g _50% .

0.5 . , . , . . . . :

0 0.004 0.01 0.016 0.02

Fig.5.6. Voltage amplitude drift in constant current control mode with constant impedance

load during power outage
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Fig.5.7. Voltage amplitude drift in constant current control with CPL during power outage
The voltage envelope expression in terms of system parameters and power difference value

AP, is shown in equation (8):

2a)tZCpu ZthCpu a)tZCpu

R R R
e pu @+e PU— _2e "PU cos(at))
2 2

Vg (t) =1+ AP, R py Zepy

pupu (5.8)

5.4.3. Load voltage transient analysis in constant current control mode with constant power
load
If the control mode is chosen to be constant current control but the load is CPL type, the

voltage envelope is shown in Fig.5.7 and equation (9).

e 2K @+ e2K _2eK cos(at))

2 2
Ropu”™ +Zocpu

Va (1) =1+ APy ZoepuRo py \/ (5.9)
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the voltage magnitude (and frequency) change. The voltage change rate is determined by the
power differences between the DG generation and load demand. So the islanding operation
can be successfully detected by monitoring DG terminal voltage before the voltage reaches
pre-determined limits (e.g. 0.88pu to 1.1 pu).

Load shedding is defined as the process in which a part of the system loads is disconnected
according to certain priority in order to steer the power system from potential dangers with the
least probability of disconnecting the important loads [102]. To avoid microgrid operating out
of the allowable voltage or frequency range quickly after islanding occurs, intelligent load
shedding need to be implemented to cut off some least important loads to maintain the
balance between load demands and DG generation. The approach for intelligent load shedding
is to detect the voltage change rate after the main power outage. Fig.5.8 shows the voltage
change rate when voltage amplitude reaches the limits (0.88pu/1.1pu) at constant power
control mode with CPL case. As shown in Fig.5.8, the voltage change rate is closely related to
the power difference between DG generation and load demand during power outage. The
expression or plot of voltage change rate can be obtained by calculating the derivative of
voltage envelope expression during the transition, from which the amount of load to be shed
before switching to the voltage control mode for islanding operation can be determined.

However, in current control mode with constant impedance case, the equation for the

a)tIZCpu

voltage changing rate can be derived as equation (10), in whichK = . If the voltage

Rpu
changing rate at a time ty can be detected, the voltage envelope in the transient can be
determined. Therefore, the power difference value and load shedding value can be calculated.
Fig.5.9 shows the smooth transition from constant current control to constant voltage
control with intelligent load shedding based on voltage behavior for a pre-outage power

mismatch of AP =-25%and AP =-50%respectively.
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Islanding detection and load shedding method in CPL load case
Voltage change rate when voltage reaches 0.8 pu or 1.1 pu
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Fig.5.8. Voltage amplitude in transient and its change rate when voltage reaches 0.88 or 1.1pu
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Third, in current control mode with CPL case, the voltage amplitude slope at different
power difference is shown in Fig.5.10 which can be used to determine the load shedding value

at different voltage slope when the voltage reach 1.1pu/0.8pu or at a fixed time to.

5.6. Simulation results

When a power outage occurs on the main grid, and islanding has been detected, the DG
system must switch to voltage control mode in standalone system to provide a constant
voltage to local sensitive loads. Fig.5.11 shows the voltage amplitude waveform obtained
from simulation for power differences of -50% and -25%. The power outage occurs at t=0.5s,

and the voltage begins to drop. When it reaches the lower limit (0.88pu), the load shedding
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120



Iﬂﬂ“/vﬂ\h'r\.'ﬂ"f “u,uf UV\/ \/\/\f"nu.ff"".U.“""'.U

Fig.5.12. Synchronization for grid re-connection
method is used to cut off certain loads, and the DG system is switched from constant power
control mode to constant voltage control mode. Then, the output voltage will be returned back
to 1pu without oscillation.
Fig.5.12 shows the synchronization of voltages at both ends of the PCC when the
synchronization algorithm start to work at t=0.6 seconds in the intentional islanding mode.
The proposed algorithm successfully forces the voltage at the DG to track the voltage at the
grid after 0.18 seconds.
5.7. Summary
Through this chapter, the voltage behavior in transition during power outage, islanding
detection and load shedding algorithm have been studied. For constant power load, constant
power control mode is usually been used in grid-connected system and for constant
impedance load, current control mode is utilized. In the transient from grid-connected to
standalone operation, the change of voltage amplitude and frequency,also the change rate
varies with the power difference between DG generation and load demand. The islanding
detection and load shedding algorithm is based on this feature. Some simulation results are

shown to demonstrate above theory analysis.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK
6.1. Contributions

In micro-grid inverter standalone mode, the proposed multi-loop control scheme is capable to
achieve high-quality dynamic and steady state performances under both linear and non-linear
loads. Moreover, its design is also simple and requires only an accurate knowledge of output
filter parameters. Finally, only the output voltage needs to be sensed provided that dc-link

voltage is constant.

In micro-grid inverter grid-connected mode, the possible wide range of grid-impedance
variations can challenge the design of the controller, especially when the grid-impedance is
highly inductive. The proposed robust current controller with the explicit robustness in terms
of grid impedance variations to incorporate the desired tracking performance and stability
margin. By properly selecting the weighting functions, the synthesized Hoo controller exhibits
high gains at the vicinity of the line frequency, similar to the traditional PR controller,

meanwhile it has enough high frequency attenuation to keep the control loop stable.

In the transition from grid-connected mode to standalone mode, the proposed voltage based
and current control based algorithm can force the current to decrease to zero at a short time
thus provide seamless transfers between the two operating modes for the inverter, avoiding

the temporarily uncontrolled output voltage.

When the islanding happens, the inverter output voltage amplitude and frequency, also the
change rate varies with the power difference between DG generation and load demand The
proposed intelligent islanding detection and load shedding scheme can detect the grid outage
fast and do the load shedding accurately.

6.2. Recommendations for future work
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For parallel inverter operations, the power sharing between several inverters should be taken
into account. So an outer power loop should be added to both of the voltage loop in
standalone mode and current loop in grid-connected mode. Also the droop control law needs

to be adopted according to the output impedance of the inverter.
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