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ABSTRACT

Z-Source Inverter Design, Analysis, and Its Application in Fuel
Cell Vehicles

By
Miaosen Shen

With its unique structure, the Z-source inverter can utilize the shoot through states to
boost the output voltage, which improves the inverter reliability greatly, and provides an
attractive single stage dc-ac conversion that is able to buck and boost the voltage. For

applications with a variable input voltage, this inverter is a very competitive topology.

This work starts with the PWM methods for the Z-source inverter. Three PWM methods
are proposed with different boost ratios. In order to reduce the switching loss, a modified
PWM scheme is proposed. A comparative study of the modified PWM method and a

commonly used PWM method is conducted.

To facilitate closed loop controller design, a small signal model for the Z-source inverter
is developed using the state space averaging and verified with simulation results. Based
on this model, a closed loop controller is designed using gain scheduling method. The

controller is verified with simulation and experimental results.

In order to show the strengths and weaknesses of the Z-source inverter, a comprehensive

comparison of the Z-source inverter and traditional inverters for fuel cell vehicle traction



drives is conducted. The switching device power, passive components requirement,
constant power speed ratio, reliability, and inverter efficiency are used as bench marks
for the comparison. The comparison shows that the Z-source. inverter is very suitable for
applications with a moderate boost ratio needed, which most fuel cell/photovoltaic

sources reside in. A detailed design process of the Z-source inverter is also provided.

Besides the two basic operation modes of the Z-source inverter, new operation modes
have been found when the load power factor, modulation index, and the inductance of the
inductors are low. The critical conditions, voltage gain, and the consequence of these

operation modes are analyzed in detail.

Three configurations of Z-source inverter for fuel cell-battery hybrid vehicle traction
drives are presented with the basic control methods. With a battery in the system, the
effect of the undesirable operation modes is minimized. Also, control methods to totally
eliminate the undesirable operation modes are proposed. A simple comparison of the

three configurations is conducted.
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CHAPTER 1 Introduction

Power electronics has been widely used in various applications since it was born. The
three-phase inverter, which converts dc voltage/current into three-phase ac
voltage/current is one of its most important and popular converters. It has been widely
used in motor drives [1, 2], ac uninterruptible power supplies (UPS) [3, 4], induction
heating [S], ac power supplies [6, 7], active power filters [8, 9], and static VAR
generators or compensators [10, 11], etc. There are two types of traditional inverters,
namely voltage source (fed) inverters and current source (fed) inverters. However, both
inverters have some conceptual barriers, which will be discussed in detail later. The
newly presented Z-source inverter [12] has some unique features and it can overcome
some of these limitations. The purpose of this work is to investigate the properties of

the Z-source inverter and its applications.

1.1 Traditional Inverters

1.1.1 Voltage Source Inverter

1.1.1.1 Topology

Figurel.l shows the topology of the voltage source inverter. The input to the inverter is
a dc voltage source usually with a capacitor in parallel to absorb the high frequency
current ripple. The inverter bridge consists of six switches with a freewheeling diode in

parallel with each of them.
1.1.1.2 Control Methods

Basically there are two kinds of control methods, one is six step control, which turns each

1



switch on and off only once per fundamental cycle creating a six step stair case waveform
for the output phase voltage; the other one is pulse width modulation (PWM), which
switches the devices at high frequency (hundreds of Hz to hundreds of kHz) to output a
voltage with very little low frequency harmonics as well as to control the output voltage

level.

For six-step control, the output line peak fundamental voltage [15] is

v, =2ﬂi_n_, (1.1)
/4

where V, is the dc bus voltage. The six-step method has advantages such as simple,
low switching loss, on the other hand, it has limitations for it is unable to eliminate the

low frequency harmonics and unable to control the output voltage level.

The sketch map of the basic PWM control for voltage source inverter is shown in
Figurel.2. From Figurel.2, the two switches on the same phase leg are turned on and
off complementally. There are 8 switching states including 6 active states and two zero
states when the upper three or lower three switches are gated on shorting the load

terminals.
The output peak phase voltage can be expressed as

My,
Vopt == (1.2)

where V,, is the input voltage, and M is the modulation index, which ranges from 0 to

1.15 with third harmonic injection or space vector PWM control.
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Figure 1.2. Sketch map of PWM control of voltage source inverter.
1.1.1.3 Limitations of Voltage Source Inverter
The voltage source inverter has several limitations as listed below.

From (1.2), the output voltage range is limited, the inverter cannot output a higher
voltage than the dc bus voltage. For many applications, when the input dc voltage is not
always constant, like a fuel cell, photovoltaic array, and during voltage sag, etc, a dc/dc
boost converter is often needed to boost the dc voltage to meet the required output
voltage. This increases the system complicity and the cost, and reduces the system
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reliability.

The two switches on the same phase leg cannot be gated on at the same time, otherwise a
short circuit will occur and destroy the inverter. The mistrigger caused by
electromagnetic interference (EMI) is a major killer of the inverter. For safety reasons,
there is always a dead time to make sure that the two switches will not be turned on
simultaneously. However, the dead time can cause output voltage distortion and
harmonic problems. The harmonic problem can be solved by implementing a

current/voltage feedback control [13], however, this increases the system complexity.

A LC filter is needed for the load side compared to current source inverter, which

increases the complexity and reduces the system efficiency.
1.1.2 Current Source Inverter

1.1.2.1 Topology

The current source inverter is shown in Figure 1.3. The input to the inverter is a current
source or a voltage source with an inductor in series. The inverter bridge consists of six
switches with a reverse blocking diode in series or switches with reverse blocking ability.
Three capacitors are connected at the ac side of the inverter to provide a leading power

factor load.

Because of the reverse blocking nature of the thyrister, it is often used in current source
inverter. However, due to the fact that it is unable to be turned off by the gate signal, a
leading power factor load is required to enable load commutation. This also limits the
control to be six-step only, which will cause lots of low frequency harmonics in the

output waveform.



Another group of current source inverters use self-commutated devices, such as GTO,
IGBT, with reverse blocking diode in series. PWM control can be implemented in these

inverters.

Figure 1.3. Current source inverter.
1.1.2.2 Control Methods

The current source inverter is a dual circuit of the voltage source inverter, therefore the
dual of most of the PWM methods for voltage source inverter can be used to control the
current source inverter. Generally the following rule has to be followed: there must be
at least one device in the upper three devices and one in the lower three devices gated on
at the same time to provide a current path. An example of the inverter current with
PWM control is shown in Figure 1.4. The PWM waveform is the inverter current, the

sinusoidal waveform is the current to the load after the capacitors.
1.1.2.3 Limitations of the Current Source Inverter

To keep the inductor average voltage zero, the maximum inverter dc side voltage, which
is the peak line-to-line output voltage of the inverter has to be greater than the input dc
voltage. Therefore, the inverter is basically a boost converter. For applications where
a wide voltage range is required, extra circuitry has to be used to obtain the required
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voltage. The commonly used methods include using a dc/dc converter or a controlled
rectifier [14, 16]. However, these methods increase the circuit complexity and reduce

the efficiency as well as the reliability.

PWM controlled current
output current

/

Figure 1.4. Waveforms of three-phase PWM current inverter.

At least one switch in the upper three devices and one in the lower three devices has to be
turned on at the same time, or an open circuit will occur and destroy the inverter.
Mistrigger caused by the EMI noise could significantly reduce the inverter reliability.
To make sure that there will be no open circuit, overlap time is often needed, which will

cause output waveform distortion and low frequency harmonic problem.

The main switches have to have the reverse blocking capability, which requires an extra
diode in series with high-speed high-performance switches, such as an IGBT. This will
reduce the system efficiency. With the emergence of the reverse blocking IGBT [24],

this might not be a problem anymore.



1.2 The Z-Source Inverter

The newly proposed Z-source inverter [12] can overcome some of these limitations, it is

shown in Figure 1.5.
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Figure 1.5. Z-source inverter.
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Figure 1.6. PWM control of the Z-source inverter.



The Z-source inverter employs an X shape LC network between the input voltage and the
inverter bridge. A simple PWM control scheme is shown in Figure 1.6. From Figure
1.6, there is one more switching state, the shoot through state, besides the eight switching
states (six active states and two zero states) for the tradifional voltage source inverter.
With the unique LC network, we can intentionally add the shoot through state to boost
the output voltage. By utilizing this switching state to boost the output voltage, we can
output voltage higher or lower than the DC link voltage. Therefore, the inverter is a
buck-boost type converter and can output whatever voltage desired, and overcome the
voltage limitation of the voltage source inverter and current source inverter. With the
ability to handle the shoot through state, the reliability of the Z-source inverter is greatly
enhanced. Also, without the need of dead time, output waveform distortion can be
avoided. The detailed operation principle has been discussed in [12], the resulted output

peak phase voltage is

Do = MB—VE"-, (1.3)

where M is the modulation index and B is the boost factor, which can be express as

B= ]T , (1.4)
1-2-0
T

where T) is the shoot through time per cycle and T is the switching cycle.

To demonstrate the Z-source inverter properties, some experimental results are shown

below.
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Figure 1.7. Experimental results of Z-source inverter.

In Figure 1.7(a), the Z-source inverter produces 250 V ac when the dc voltage is only 145
V, while in (b), the inverter produces 300 V ac when the dc voltage is only 250 V.
Whereas, with traditional voltage source inverter with modulation index of 1, the
maximum output voltage obtainable for 145 V input is 89 V, and 153 V for 250 V dc
input.

In summary, the Z-source inverter has several unique features:

1. The inverter can boost and buck the output voltage with a single stage structure;

2 The shoot through caused by EMI can no longer destroy the inverter, which

increases the reliability of the inverter greatly.

3 Because of no dead time is required, perfect sinusoidal output waveform is

obtainable.



1.3 Previous Works on the Z-Source Inverter

Since the Z-source inverter was proposed in 2002 [12], lots of works have been done on
this subject. Mainly the previous works include four major topics: PWM methods;
modeling and control of the Z-source inverter; application of the Z-source inverter; and

modification of the topology for other applications.
1.3.1 PWM Methods

Different from traditional voltage source inverter, the Z-source inverter has an extra
switching state, the shoot through state, which occurs when turning on both switches in

the same phase leg. Theoretically there can be seven different shoot through states:

How to insert these switching states, and how much time the shoot through states should
be used are very important to the circuit performance and even to the efficiency of the

inverter.

Literatures [30, 50] presented several PWM methods based on different PWM methods
for traditional voltage source inverters. In those works, the shoot through time is
distributed between all traditional switching states, thus there are six shoot through states

in one switching cycle.



Table 1.1 Possible shoot though states
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Figure 1.8. Modulation method using six shoot through states.

Also, there are some other PWM methods for other purposes, such as to reduce the

common voltage by replacing the zero states with combination of active states [60]; and
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PWM methods for multi-level Z-source inverters [52, 57, 73].
1.3.2 Modeling and Control of the Z-Source Inverter

Two small signal models have been developed for the Z-source inverter [40, 43, 51].
The models focus on the dc side of the inverter and only have one control variable, which
is the shoot through duty ratio. Also, several control methods for the inverter have been
developed [47, 59, 65], two examples of the controllers are shown in Figure 1.9. In
these controllers, the capacitor voltage is controlled by the shoot through duty ratio and
the output voltage is controlled by the modulation index. The two controllers are

designed separately, thus the whole system stability is not guaranteed.
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Figure 1.9 Examples of the existing controllers.
1.3.3 Topology Derivation

Since the first voltage fed Z-source inverter topology was proposed [12], a lot of
topologies have been developed based on it. The derived topologies spread the whole
spectrum of electric power conversion [23, 36, 41, 42, 46, 49, 54, 55, 62, 63, 72, 73], ie.

AC/AC, AC/DC, DC/DC, DC/AC.
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1.3.4 Application of the Z-Source Inverter

The application of the Z-source inverter also has been extensively examined. The most
popular application of the inverter is for fuel cell and photovoltaic applications [22, 28,
34, 45, 58, 67]. Also applications for integrated starter alternator have been reported in
[41, 46, 64], applications for general motor drives have been proposed in [25, 26, 72].

As an example, the configuration for photovoltaic system is shown in Figure 1.11.
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Figure 1.11. Configuration for Z-source inverter for photovoltaic systems.
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1.4 Scope of the thesis

Based on the previous works of traditional inverter and Z-source inverter, this thesis

focuses on the following subjects:

Chapter 2 discusses PWM methods for the Z-source inverter, and presents three PWM
methods to achieve simple boost, maximum boost, and maximum constant boost of the
Z-source inverter respectively. A modified method to achieve high efficiency is also
presented and a brief comparison between the proposed methods and an existing method

is conducted.

Chapter 3 presents a small signal model of the Z-source inverter for an inductive load,
and constructs a nonlinear controller for the feed back control using gain scheduling

method.
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Chapter 4 conducts a comprehensive comparison of the Z-source inverter and traditional
inverters for fuel cell vehicles. The design procedure of the Z-source inverter is also

presented in detail.

Chapter 5 discusses possible operation modes of the Z-source inverter with small
inductances, low power factor, and low modulation index. The circuit performance is

also discussed under different conditions.

Chapter 6 focuses on the application of the Z-source inverter for fuel cell-battery hybrid
vehicles. A control method to eliminate the undesirable operation modes is presented.

Three configurations for fuel cell-battery hybrid vehicles are proposed and analyzed.

Chapter 7 discusses future work that needs to be done.

17



CHAPTER 2 PWM Schemes for the

Z-Source Inverter

Many PWM control methods have been developed and used for the traditional 3-phase
Voltage-source (V-source) inverter. The traditional V-source inverter has six active
vectors (or switching states), when the dc voltage is impressed across the load, and two
zero vectors when the load terminals are shorted through either the lower or upper three
devices. These total eight switching states and their combinations have spawn many

PWM control schemes.

The Z source inverter has an additional zero vector, the shoot-through switching state,
which is forbidden in the traditional V-source inverter. How to insert this shoot through
state becomes the key point of the control methods. It is obvious that during the shoot
through state, the output terminals of the inverter are shorted and the output voltage to the
load is zero. The output voltage of the shoot though state is zero, which is the same as
traditional zero states, therefore the duty ratio of the active states has to be maintained to
output a sinusoidal voltage, which means shoot through only replaces some or all of the
traditional zero states. Three different PWM methods will be presented in this chapter

and be compared.
2.1 Simple Control

As described in [12], the voltage gain of the Z-source inverter can be expressed as:
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Vac _ yp, @2.1)
V, 12

A

where V,.is the output peak phase voltage, V, is the input dc voltage, M is the

modulation index, and B is the boost factor, which is determined by:

B=—1__ (2.2)

1-2%0
T

. o I T .
where T is the shoot-through time interval over a switching cycle T, or TO =Dy is the

shoot-through duty ratio.

Figure 2.1 illustrates the simple control method that employs a straight line equal to or
greater than the peak value of the three phase references to control the shoot-through duty
ratio in a traditional sinusoidal PWM. The Z-source inverter maintains the six active
states unchanged as the traditional carrier based PWM control. For this simple boost
control, the obtainable shoot-through duty ratio decreases with the increase of the
modulation index, M. The maximum shoot-through duty ratio of the simple boost
control is limited to (1-M), thus reaching zero at a modulation index of one. The thick
curve in Figure 2.2 shows the maximum obtainable voltage gain, M-B versus M, which
indicates no voltage boost and no voltage gain at M=1. The shaded area is the possible
operation region under the simple control. In order to produce an output voltage that
requires a high voltage gain, a small modulation index has to be used. However, small
modulation indices result in greater voltage stress on the devices. Based on the (2.1)

and (2.2), define the voltage gain G as
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G=mp=rac M 2.3)
V,12 2M-1

For any desired voltage gain G, the maximum modulation index can be used is

2G-1 (2.4)

The voltage stress V; across the switches is BV, The voltage stress under this voltage

gain can be calculated
Ve =BV, =2G-1V,. (2.5)

The voltage stress across switches versus the voltage gain is plotted in Figure 2.3.
Using this control method, the voltage stress across the switches is quite high, which will

restrict the obtainable voltage gain because of the limitation of device voltage rating.
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Figure 2.1. Simple boost control.

20



;7
~ 4 ~
@ B B lovivrernidenscnizamariovbagbvrmiisssiritrsn
s 8°
= s
H §
o S Tl E S 0 s L e Sl
29 5
S | 3| SO P e
1 sl s ae = A o 2
1

0.2

04 06 08 1 2 3 4 5
Modulation index (M) Voltage gain

Figure 2.2. Voltage gain of the simple boost ~ Figure 2.3. Switches voltage stress versus

control. voltage gain.

2.2 Maximum Boost Control

2.2.1 Description of the Control Method

Reducing the voltage stress under a desired voltage gain now becomes important to the
control of Z source inverter. As analyzed above, the voltage gain is defined as MB, and
the voltage stress across the switches is BV, therefore, to minimize the voltage stress for
any given voltage gain, we have to minimize B and maximize M, with the restriction of
that their product is the desired value. On the other hand, we should maximize B for
any given modulation index, M, to achieve the maximum voltage gain. Consequently,
from (2.2), we have to make the shoot through duty ratio as large as possible.

Figure 2.4 shows the maximum boost control strategy. It is quite similar to the
traditional carrier-based PWM control method. The point is: this control method
maintains the six active states unchanged and turns all zero states into shoot-through zero
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states. Thus maximum 7 and B are obtained for any given modulation index, M,

without distorting the output waveform.
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Figure 2.4. Sketch map of maximum boost

Figure 2.5. V,./0.5V; versus M.
control.

As can be seen from Figure 2.4, the circuit is in a shoot through state when the triangular
carrier wave is either greater than the maximum of the references (¥, Vs V.) or smaller
than the minimum of the references. The shoot through duty cycle varies each cycle.
To calculate the voltage gain, what we are interested in is the average shoot through duty

cycle.

The shoot through state repeats periodically everyg—. Assuming that the switching
frequency is much higher than the fundamental frequency, the shoot-through duty ratio
over one switching cycle in the interval (%’%) can be expressed in the following

equation
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2~ (Msin@ - M sin(8 - 33?-))

Ty (O)
= 2.6
T 2 (2.6)
The average duty ratio of shoot-through can be calculated by following equation
z i T
2 2 . ) 2
[2d6 - ([ M sin&d6 - ?Msm(e - —3—)d9)
_ 4 P 4
To & 5 5 27 -3\3M
0 _ = } 2.7
T z 2r
2
[2d6
£
6
The boost factor B is obtained:
1 V.4
B= — (2.8)
-2 Ty 3W3IM-n
T

With this type of control method, the voltage gain can be determined by the modulation

index M.

bae _,, M

T
4 MB=—T 2.9)
Vo2 33M -7

The plot of % versus M is shown by the thick curve in Figure 2.5. The shaded area
0

in the figure is the possible operation region. As can be seen from Figure 2.5, the output

voltage increases when M decreases. As M approaches ﬁ_g , the output voltage

increases to infinity.

Compared to Figure 2.2, the possible operation region of this control method is much
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wider. On the other hand, for any given voltage gain, a higher modulation index can be

used, which means lower voltage stress across the switches.

From equation (2.9) and voltage gain defined in (2.3), the maximum modulation index

we can use for a given voltage gain G is

nG

M=77
333G -7

(2.10)
Thus the voltage stress is

V=BV, = = V,. @.11)

The voltage stress versus the voltage gain is shown in Figure 2.6.

Compared with the voltage stress in the simple control method, which is shown in Figure
2.3, the voltage stress in the maximum boost control method is much lower, which means

that for given devices, the inverter can be operated to obtain a higher voltage gain.
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Figure 2.6. Voltage stress versus voltage gain.
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Third harmonic injection is commonly used in three-phase inverter systems to increase
the modulation index range. This can also be used here to increase the range of M so as
to increase system voltage gain range. The sketch map is shown in Figure 2.7. The
operating principle is identical to the above method, the only difference is that the

reference waveforms are changed. In this control, the maximum modulation index
2 . 1. e

M = — can be achieved at — third harmonic injection [17].
3 6

Similar to the previous case, the shoot through duty cycle repeats every % We can also

get the voltage gain through studying the behavior during (%,%) under this control

method. The shoot-through duty ratio in this period is described in the following

equation.
. 1 . . 27 1 .
2—(Msin@ +— M sin30 — (M sin(@ — —) + — M sin 39))
To(6) _ 6 3°° 6
= (2.12)
T 2
From the above calculation, the average shoot-through duty ratio is:
i i i
2 2 . 1 . 2 . 2. 1 .
[2d0 - ([(Msin@ + = M sin30)d6 — [(M sin(@ — —) + — M sin36)d6)
_ V4 /4 6 V.4 3 6
h _6 6 6
n
r 5 (2.13)
[2d6
i
6
27 -33M
2n
Therefore:
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The voltage gain is identical to the maximum boost control method for the same
modulation index. The curve of voltage gain versus modulation index is shown in
Figure 2.8, from which we can see that the possible operating region is extended with the
increase of modulation index. From (2.9) and (2.15), the two control methods have
identical voltage gain—modulation index relationship. Therefore they should share the
same voltage stress for any given voltage gain except that the range of voltage gain is
extended in the third harmonic injection method. The relationship of voltage stress

versus voltage gain is shown in Figure 2.9.
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Figure 2.9. Voltage stress of switches versus voltage gain of proposed control method.
2.2.2 Simulation and Experimental Verifications

Simulation and experiments are conducted to verify the validity of the control strategies
with the following parameters: Z-source network: L; = L, = 1mH, C; = C; = 1.3mF,
Switching frequency: 10 kHz. The simulation results with modulation index M=0.88,
M=1, and M=1.1 with third harmonic injection are shown in Figure 2.10, Figure 2.11, and
Figure 2.12 respectively, where V, is the input voltage, V), is the DC bus voltage, and
Vias is the output line to line voltage. The input voltages of these three cases are 170 V,
220V and 250 V respectively. Based on our analysis above, the theoretical voltage

stress (V) and output line to line rms voltage is listed in Table.2.1.
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Table 2.1 Theoretical voltage stress and output voltage under different conditions

Operation condition Voltage stress (V) Output voltage V;.;, (V)
M=0.88, V=170V 373 : 200
M=1, V=220V 336 206
M=1.1, V=250V 305 205

The simulation results in Figure 2.10 through Figure 2.12 are quite consistent with the

theoretical analysis, which verifies the above analysis and the control concept.

Experiments with the same operating conditions and system configuration as in the
simulation were conducted. The results are shown in Figure 2.13, Figure 2.14, and
Figure 2.15, where V, is the input voltage, Vpy is the voltage stress, I, is the current
through the inductor in the Z-source network, and ¥}, is the output voltage after the filter.
The figures show that the output voltage is kept nearly constant regardless of the wide
varying range of the input voltage and the output voltage agrees with the analysis and
simulation results very well. A lower input voltage requires a greater boost factor B,
and smaller modulation index. Because the output voltage is nearly constant, the lower
modulation index yields higher voltage stress, Vpy. This can also be observed from the
experimental results. Based on these results, the validity of the control methods has

been proven.
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Figure 2.12. Simulation results with M=1.1 with third harmonic injection and input

voltage 250 V DC.
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2.2.3 Current Ripple

This control method can achieve the minimal voltage stress across the switches for any
desired voltage gain. However, from Figure 2.16, the shoot through duty cycle is not

always a constant, and thus introduces current ripple through the inductors.
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To calculate the current ripple through the inductor, the circuit can be modeled as in
Figure 2.17, where L is the inductor in the Z-source network, V. is the voltage across
the capacitor in the Z-source network, and V; is the voltage fed to the inverter.

Neglecting the switching frequency element, the average value of V; can be described as
Vi=(1-Dg)*BV,, . (2.16)

From above analysis,

2
2—(Msin@ - M sin(@ - =1))
Dy(6)= 370 B

2 T2

Mcos(H—%n') (%<9<%) 2.17)

and (2.18)

T
B=—r—— .
3\/§M—7r

As can be seen from Eq. (2.17), Dy has minimum value when 6=% and has
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. T 7 .
maximum value when €= G or 0= rh If we assume the voltage across the capacitor

is constant, the voltage ripple across the inductor can be approximated as a sinusoid with

peak-to-peak value of

NG
N G

Vpkapk = Vimax ~Vimin = (5 M == M eosC)* BYge ==Lt —Vye. 219)
If the output frequency is f, the current ripple through the inductor will be
V3 3
—=S)MV,
Vpk2pk G M (2.20)

T2rar6f*L =12*(3s/_M—7r)ﬂ, '

As can be seen from Eq. (2.20), when the output frequency decreases, in order to

maintain the current ripple in a certain range, the inductance has to be large.

Figure 2.17. Model of the circuit.

2.3 Maximum Constant Boost Control

2.3.1 Description of the Control Method

In order to reduce the volume and cost, it is important to keep the shoot-through duty
ratio always constant. At the same time, a greater voltage boost for any given
modulation index is desired to reduce the voltage stress across the switches. Figure 2.18

shows the sketch map of the maximum constant boost control method, which achieves
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the maximum voltage gain while always keeping the shoot-through duty ratio constant.
There are five modulation curves in this control method: three reference signals, V,, V,,
and V,, and two shoot-through envelope signals, ¥, and V,. When the carrier triangle
wave is greater than the upper shoot-through envelope,. Vp, or lower than the lower
shoot-through envelope, V,, the inverter is turned into shoot-through zero state. In
between, the inverter switches in the same way as a traditional carrier-based PWM

control.

Because the boost factor is determined by the shoot-though duty cycle, the shoot-through
duty cycle must be kept the same in order to maintain a constant boost. The basic point is
to get the maximum B while keeping it constant all the time. The upper and lower
envelope curves are periodical and are three times the output frequency. There are two

half-periods for both curves in a cycle.

A e A é‘
|
7 al N ' Ve
o
TN I
Sap LU T T
Sbp 1L g g I
Scp e et ut
San U | LT Ty
Sbn T L] 11T
Sen__ | NIBRER! U

Figure 2.18. Sketch map of constant boost control.
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voltage gain (MB)

Figure 2.19. V,/0.5V, versus M.

For the first half-period, (0, 7/3) in Figure 2.18, the upper and lower envelope curves can

be expressed by Eqgs. (2.21) and (2.22), respectively.

Vp|=x/§M+sin(9—2?”)M 0<9<§ .

V,,]=sin(0—33’5)M 0<9<% .

.21)

(2.22)

For the second half-period (w/3, 2n/3), the curves meet Egs. (2.23) and (2.24)

respectively.

T 2
V, o =sin(O)M —<f<— .
p2 =sin(6) 3 3
V5 =sin(@)M —\3M §<9<2T” :

(2.23)

(2.24)

Obviously, the distance between these two curves is always constant, that is, NEYY

Therefore the shoot-through duty ratio is constant and can be expressed as
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To _2-\3M _, _3M

0 ) 2.25
T 2 2 (2.25)
The boost factor B and the voltage gain can be calculated:
1 1
B= = . 2.26
T
Y M 2.27)

—2 _=MB=
Vac /2 V3M -1
The curve of voltage gain versus modulation index is shown in Figure 2.19. As can be

seen in Figure 2.19, the voltage gain approaches infinity when M decreases to v3 .

This maximum constant boost control can be implemented using third harmonic injection.
A sketch map of the third harmonic injection control method, with 1/6 of the third

harmonic, is shown in Figure 2.20. As can be seen from Figure 2.20, ¥, reaches its peak

value —2—3-M while V, is at its minimum value -%M . Therefore, a unique feature

can be obtained: only two straight lines, ¥, and V,, are needed to control the

shoot-through time with 1/6 (16%) of the third harmonic injected.
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Figure 2.20. Sketch map of constant boost control with third harmonic injection.

The shoot-through duty ratio can be calculated by

T—°=2"/§M=1-‘/§M . (2.28)
T 2 2

As we can see, it is identical to the previous maximum constant boost control method.

Therefore, the voltage gain can also be calculated by the same equation. The difference is
that in this control method, the range of M is increased to %ﬁ . The voltage gain versus

M is shown in Figure 2.21. The voltage gain can be varied from infinity to zero smoothly

V3

by increasing M from 3 to 2 with shoot-through states (solid curve in Figure 2.21)

V3

and then decreasing M to zero without shoot-through states (dotted curve in Figure 2.21).
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voltage gain (MB)

Figure 2.21. V,/0.5V, versus M.

2.3.2 Simulation and Experimental Verifications

Simulation and experiments were conducted to verify the validity of the control strategies
with the following parameters: Z-source network: L; = L, = 1 mH (60 Hz inductor), C, =
C; = 1,300 pF; switching frequency: 10 kHz; output power: 6 kW. The simulation results
with the modulation index M = 0.812, M = 1 without third harmonic injection, and M =
1.1 with third harmonic injection are shown in Figures 2.22 through 2.24, respectively,
where the input voltages are 145, 250, and 250 V, respectively. Table 2.2 lists the
theoretical voltage stress and output line-to-line rms voltage based on the previous

analysis.
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Table 2.2. Theoretical voltage stress and output voltage under different conditions

Operating condition Voltage stress (V) Output voltage V.. (V)
M =0.812, V4= 145V 357 _ 177
M=1,V4=250V 342 209
M=1.1,V4=250V 276 186

The simulation results in Figures.2.22-2.24 are consistent with the theoretical analysis,

which verifies the previous analysis and the control concept.

150 Input Input
Voltage ¥3Itngc
Ly o s
1
DC Link
\"loltage
e pn
* Inductor glductor
Current 40 . urrent
LS I L
400 400 Load
Load
200 /\ Voltage 2001 /\ \ N\ Voltage
s ) VL s y 5\ Lab
o / \/ ab 01 \ ; \ / E
-mﬂ % = N/ N
- ‘o I T T 1 T ° ‘oo L T 1 T
025 026 027 028 029 Q15 a1e a17 a1s a19
\s) )

Figure 2.22. Simulation results with M =0.8.  Figure 2.23. Simulation results with M = 1.

38



h‘q‘“
255 ‘60 tage
= 250 o
245
240
4001 DC Link
Voltage
s Hn
200
Inductor
40] ?Il"enl
| 4 'L
a
il s
2000/ i N\ oltage
s \ 7N\ AR VLab
ad N \ T
-200] N 7/
=4 T T T T
5 e a7 ol 019
(»

Figure 2.24. Simulation results with M = 1.1.

The experimental results with the same operating conditions are shown in Figures 2.26,

2.27, and 2.28, respectively.

™ MY

= _—_—
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A/diy) .

.

e e
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Figure 2.25. Experimental results with V,=

145V and M = 0.812.
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Figure 2.26. Experimental results with V,=

250Vand M= 1.
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Figure 2.27. Experimental results with V,=250V and M = 1.1.

Based on these results, the experimental results agree with the analysis and simulation
results very well. The validity of the control method and the analysis of the voltage gain
and voltage stress are verified. Also from the simulation and experimental results, it is
evident that there is no low-frequency (6@ ) ripple in the inductor current. With the
same input voltage, the output voltage is higher for the case with lower modulation index.

With a lower input voltage, the voltage stress has to be higher to output a similar voltage.
2.3.3 Voltage Stress Comparison

To examine the voltage stress across the switching devices, an equivalent DC voltage is
introduced. The equivalent DC voltage is defined as the minimum DC voltage needed
for the traditional voltage-source inverter to produce an output voltage, l}o. Obviously

the equivalent DC voltage should be GVy. The ratio of the voltage stress to the
equivalent DC voltage represents the cost that Z-source inverter has to pay to achieve

voltage boost.
The voltage stress across the devices, Vs can be expressed as
Vs =BV4. (2.29)
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The ratios of the voltage stress to the equivalent DC voltage, Vs/(GVy) for the simple
control, maximum boost control, and maximum constant boost control are summarized as

follows:

V
s _BVa _ 2L for simple control (2.30)
GVae GVae G

Vs _BVge 33 1

= for maximum boost (2.31)
G Vdc G Vdc /4

ﬁ— = %i =3- 1 for maximum constant boost  (2.32)
GVye GVg G

Figure 2.28 shows the voltage stress ratios. As can be seen from Figure 2.22, the
maximum constant boost method has a much lower voltage stress across the devices than
the simple control while having a slightly higher voltage stress than the maximum control

method. The ideal voltage stress ratio is 1.

1.8
1.7
1.6
1.5
14
13
1.2

1.1}

Voltage stress / Equivalent DC voltage

3
Voltage Gain

Figure 2.28. Voltage stress comparison of different control methods.
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2.4 Modified PWM Scheme

The inverter with maximum constant boost control with third harmonic injection shoots
through twice in one cycle (triangular waveform cycle), the equivalent frequency to the
inductor is doubled, thus reducing the requirement to the inductors. However, it is
obvious from Figure 2.20 that the real switching frequency of the device also doubled,

which increases the switching loss.

In traditional PWM control, there is always a zero state after two active states as shown
in Figure 2.29. There are two types of zero states, Zero 1 and Zero2, Zero 1 occurs
when all upper three switches are turned on, and Zero 2 occurs when all lower three

switches are turned on.

Zerol Zerol| Activ i Active

Figure 2.29. Switching states sequence of traditional PWM control.

The control of the Z-source inverter maintains the active states unchanged and shoots
through some or all of the zero states. The key point of the modified PWM control is to
turn half of the zero states (Zerol or Zero 2) into shoot through state, and leave the active
states unchanged. The duty ratio of that shoot through state equals to the shoot through

duty ratio of maximum constant boost control, which is

Dy =1-§M. (2.33)

Therefore, the shoot through period lasts (l—l/z—iM)Ts in each switching cycle T,
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which means that the zero state (Zero 1 or Zero 2) turned into shoot through state lasts
a ——ziM )T . To realize this function, there are two possible schemes shown in Figure

2.30 (a) and (b) respectively.

(@ (b)

Figure 2.30. Modified PWM scheme.
For the case in (a), assume the reference signals in traditional SPWM are

v, = M sin(at)

vy = Msin(ot - % ). (2.34)

ve = Msin(ot —gn)

There are three different intervals in one line cycle in the modified PWM method, the

reference signals in the three intervals are respectively
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va'=\/§M—l
vp'=3M —1+v, -V, 2k7r+% < ot <2k7r+§7r, k=0,12,.. (235)

vc'=\/§M—l+vc—va

va'=\/§M—1+va—vb
vb'=«/—3_M—1 2k7r+§613(ot <2k7r+%7r, k=0,12,.. (2.36)

vc’=\/§M—l+vc—vb

va'=\/§M—1+va -V,
v'= B3M =1+vy—v, 2k7r+%7£ <ot < 2k7t+%7r, k=0,1,2,... (2.37)

vc'=\/§M—1

where v,, s, and v, are expressed in (2.34). When the triangular waveform is higher

than the maximum value of the three, which is 3M -1 , the circuit is turned into a
shoot through state by gating on all the switches, otherwise, it operates the same as
traditional SPWM. It is obvious that the duration of each active state in a switching
cycle is kept the same as in traditional SPWM by keeping the distance between the
reference curves unchanged, therefore the fundamental element of the output voltage will

still be kept sinusoidal.

The second case is shown in Figure 2.30 (b), also there are three different intervals in one
line cycle for the modified PWM, the reference signals in the three intervals are

respectively

va'=1—\/§M
v'=1 -3M +vp =V, 2kx +Z6z <ot < 2kﬂ+%”’ k=0,12,.. (2.38)

vc'=1—\/§M+vc—va
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va’=1—«/§M+va—vb

vp'=1-3M 2kzr+1177r <ot <2krx +%7r, k=012,.. (239
vc'=l—ﬁM+vc—vb

va'=1—\/§M+va—vc

vp'=1 -3M+ Vp =V, 2krx —% <ot <2krm +%7r, k=0,1,2,... (2.40)

v'=1-3M

where v,, v, and v, are expressed in (2.34). When the triangular waveform is lower

than the minimum value of the three, 1-3M , the inverter is turned into a shoot
through state by gating on all the switches, otherwise, it operates the same as traditional
SPWM. Also the duration of each active state in a switching cycle is kept the same as

in traditional SPWM, therefore, the output waveform will still be kept sinusoidal.

From Figure 2.30, all six switches turn on and off 7 times in one cycle in total, which
reduces the switching actions quite significantly. The equivalent frequencies to the

inductors and to the load are both the triangular frequency.

The two different schemes achieve the same effect for the boost function of the inverter.
But the switching actions and the on time of the upper and lower switches in a phase leg
are different. From Figure 2.30.(a), all upper switches are turned on for 1/3 of the line
cycle taking turns, and all the lower switches are turned on and off every switching cycle.
It is the opposite for the case shown in (b). This results in unbalanced switching loss
and conduction loss between each of the switches inside the IPM, which could increase
the thermal stress of the switches. To minimize this unbalance, the two methods should

be used alternatively every line cycle.

45



2.5 Comparison of Different PWM Schemes

In this section, a comparative study of two different PWM schemes will be examined
using the switching loss, and passive components size as a benchmark. The two PWM
schemes are the methods shown in Figure 1.8 and the modified PWM mentioned above.
Basically, the first method shoots through six times in every switching cycle, and the

latter one shoots through only once per switching cycle.
2.5.1 Switching Loss.

Assuming the inverter power is P, input voltage is Vj,, load power factor is PF. There
are two type of switching actions, one is the shoot through switching that is between
shoot through state and traditional state, the other is traditional switching state, which is

between traditional states.

a. Six shoot through method
For this method, every switching state is a shoot through switching state. Each
switching state current is twice of the inductor current, whose average value is the

average input current, thus the switching current is:

I,=2-— (2.41)

b. Modified PWM

For this control method, there are two parts of switching losses: traditional switching
(switching actions between traditional states) and shoot through switching (switching
states between shoot through state and traditional states). The switching loss of

traditional switching can be calculated by:
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L e | ELA
Tswe =1 peak E(Ig sin xdx "'2‘.[,,6 aISlnxldx)

—-a
6
1

/ 1 , (2.42)
peak '

(2+%cos(§n—a)—%cos(%—a)) a s%

1 1 5 1 T T

I —(+—=cos(=7-a)+—cos(— - >—

peak 2”( > (67t a) 2cos(6 a) «a e
where L. is the peak load current, o is the load phase angle. During shoot through
state, the current from the dc side is 21 , where [ is the inductor current. Assuming that
the current is evenly distributed in three phase legs, the average switching current of
shoot through state is 2/;/3. In each cycle, there are 3 shoot through switching states,

thus the shoot through switching loss of each IGBT is:

Iops =——, (2.43)

For power factor of cosa and modulation index of M, the load peak current is

P 3 MV,
S = =20 —=— (2.44
cosa 2 P 2(\/§M—l) )
Therefore,
_4(3M -1)P (2.45)

k= 3cosaMV

Putting all of this together, the overall switching current of the two different PWM
methods for different power factors is shown in Figure 2.31. As can be seen from the
figure, the switching current of the modified PWM is much smaller than in the six shoot

through PWM method, which means higher efficiency.
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Figure 2.31. Overall switching current comparison of different PWM.
2.5.2 Inductor Size

The inductor size is based on the current and the inductance. The average currents
through the inductors with different control methods are the same. The inductance is
designed based on the same current ripple. The inductor current rises linearly during

shoot through state and decreases linearly during other states.
a. Modified maximum constant boost control
The inductor current ripple is

VcTO

Al;, =
L=

(2.46)

where T is the total shoot through time in one switching cycle.

b. Six shoot through method
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»T

Figure 2.32. Six shoot through PWM when v,=v.

The inductor current increases linearly during shoot through state and decreases linearly
during non-shoot through state with two different constant rates respectively. For the
six shoot through PWM method, the maximum current ripple occurs when the shoot
through periods are least distributed, ie, when two of the reference signal equals to each
other. Figure 2.32 shows an example when the reference signal v,=v.. Assume that
1/6 of third harmonic is injected, and the modulation index is M, the reference signals can

be expressed as:

(

v, =Msinot + % sin(3awt)

vy = M sin(wt — % m)+ % sin(3awt) (2.47)

v, = M sin(ot - % T+ A—g- sin(3at)

.

With maximum constant boost control, the shoot through duty ratio is
NE)

Do =1-=-M (2.48)

The total non-shoot through time in a cycle is
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T, =§MTS, (2.49)

where T is the switching cycle. Assume that the middle reference signal is not shifted,

the traditional zero state T} for this instant (v,=v.) can be calculated by

S SO BN &] _ 31
T, =(( 2M 6M) a 2M))Ts/2—(4M 3M)Ts (2.50)

Considering that the total inductor current change in a switching cycle is zero, the current

drop in T, can be calculated as:

Ai=—Z* €T, =2"_"'¢c 2.51
T, L% 63 L 231)
The current change in 7, can be calculated by
2.V, . V.Ty
Iripple =§TOTC—A1 =0551cT (252)

Therefore, compared to the modified PWM method, in order to keep the same inductor

current ripple, the required inductance with the six shoot through method is about 55%.
2.5.3 Capacitor Size

The capacitor size is determined by the capacitor current and the capacitance. The
capacitor current rating is the same regardless the modulation method. The capacitance
is selected so that the voltage ripple is small and the output THD is low. For a given
operating condition (power, load power factor, etc.) the capacitor charge ripple is shown
in the following figure for different control methods, different power factors, and

modulation indices. So the capacitance requirement is about the same.
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Figure 2.33. Capacitor voltage ripple comparison for different power factor.
2.6. Summary

Three control methods: simple control, maximum boost control, and maximum
constant boost control have been presented in this chapter. Maximum boost control
achieves lowest voltage stress across the devices. However this method will also result
in line frequency current through the Z-source inductor, thus increases the requirement
for the inductor. The maximum constant boost control minimizes the voltage stress
across the device on the basis that there is no line frequency current ripple through the
Z-source inductor. A modified PWM method is proposed to minimize the switching
loss. A comparison between the modified PWM method and the existing six shoot

through PWM method is conducted.
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CHAPTER 3 Modeling and Control of

the Z-Source Inverter with RL Load

There are several small signal models proposed [40, 43, 51, 59] for the Z-source inverter.
However in all the models, there is only one control parameter, which can not fully
represent the inverter characteristics. In this chapter, a complete small signal model for
the Z-source inverter will be proposed and a nonlinear controller will be designed.
Simulation and experimental results will be provided to confirm the validity of the

controller.

3.1 Modeling of the Z-source Inverter

3.1.1 Model Simplification

For a three phase inverter, the output power is always constant in steady state, thus the ac
side can be simplified as a dc load without loss of generality considering the dynamic
performance for three phase balance load. Figure 3.1 shows the three phase Z-source
inverter with a RL load. When operating at shoot through duty ratio of D and

modulation index of M, the equivalent circuit is shown in Figure 3.2.

In Figure 3.2, there are two switches, S1 is switching with a duty ratio of D, the duty ratio
of S2is M, and D+ M <1. The parameters of the Z-source network are the same As

the original circuit. For the Z-source inverter, the output power is

M 1

1_2DVin 2Zﬁ)2RLoad’ (3'1)

P=3(

52



where Z is the load impedance per phase.
While the load power of the dc equivalent circuit is

M 21
P=(—2—V,)* — ' 32
g m % (3.2)

By equalizing the power of the two systems, we have

8z
3cosg

; L ; LLoad RLoad

R

(3.3)

Figure 3.2. dc equivalent circuit.

where cosg is the load power factor. Naturally X is determined so that the time

constant of the dc load is the same as the ac load, which means L/R is kept constant.
3.1.2 Modeling by State Space Averaging

To model the equivalent circuit, we have the following assumptions: the Z-source
network is symmetrical, so that the currents through the two inductors and the voltages
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across the capacitors are the same. With this assumption, there are three state variables:
the current through the inductor in Z-source network, the voltage across the capacitor in

the Z-source network, and the current through the load inductor.
Before modeling the inverter, the following parameters are defined:
L: inductance of the inductor in Z-source;

C: capacitance of the capacitor in Z-source;

X: dc Load inductor;

R: dc Load resistance;

D: shoot through duty cycle;

M: duty ratio of the other switch (modulation index of the original system);
i;: current through the inductor in the Z-source;

iy: load current;

v capacitor voltage;

V4 input voltage.

There are three states, when S1 is turned on and S2 is turned off, the state equation is

0 1 0 |
SiL 1 L 1
S\.’c =\ 0 0 Yc 3.4)
Siy 0 0 R |ix
L x =

The duty ratio of this state is D.
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The second state is when both switches are turned off, the state equation is

o =L o _ [Va]
SiL 1 L iL L
Se|=|z O 0 |ve|+|0 (3.5)
si - i 0
1o o ZRI
- x - - =

The duty ratio of this state is 1-D-M.

The third state is when S1 is turned off and S2 is turned on, the state equation is

o =L o| _ [Va ]
sip | L . ip L
sve |=|l—= 0 — v, |+|0 3.6)
: C C 1.
Sty 0 z i [Ix —Vac
L x x| L X

The duty ratio of this state is M.

Using  state  averaging, the system model can be obtained by
(3.4)*D+(3.5)*(1-D-M)+(3.6)* M as shown in (3.7).

— -

2D-1

w1l T [fean
L L L
1-2D -M
SV |=|—— 0 ——fve |+]0 3.7
. C C .
siel | g 2M R[] | ey,
i b4 x L X .

The output variables to be controlled are
i
010 0
Ve |2 ve =] (3.8)
Ve 0 0 R|. 0

Ix
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The small signal model of the circuit becomes

s+ -2D)” + 2M° 17
CSL  C(XS+R) ¢
_ (1-2D)QV, ~Vie) ~28Liy, 5 b, MVe =Vie),
CSL C" C(XS+R)

(3.9)

Thus the transfer functions of the capacitor voltage over the shoot through duty ratio and

modulation index for a given operating point are respectively:

(XS + R)(V,, - 2SLiy )

Ye o 5 5 : - —  (3.10)
D CLXS®+CLRS? + 2M?*L + X —4DX +4D*X)S + R—4DR + 4D*R
V. _ — LSQMV, - MV, +i R +i XS) G
M CLXS? + CLRS? + (2M?L+ X —4DX +4D%X)S + R—-4DR + 4D*R

3.1.3 Model Verification

To confirm the small signal model, the bode diagram of the above transfer function is

compared with simulation results.

The following figures show the calculated bode diagrams of the inverter at M=0.75,

D=0.2, R=3.33Q, L=1mH, C=1.32mF, X=ImH.
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Bode Diagram
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Figure 3.3. Calculated bode diagram of V,/D.
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Figure 3.4. Calculated bode diagram of V./M.

Normal simulation software is not able to perform small signal simulation for switching
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mode circuits. The PSIM 6.0 [74] provides the ac sweep function for small signal
analysis.  Figures 3.5-3.6 show the simulated bode diagram of V,/D and V/M
respectively, which confirms the calculated bode diagrams. The simulation software
uses signal injection and calculates the gain and phase point by point on a switching

circuit, therefore the results on some points is not very accurate.
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Figure 3.5. Simulated bode diagram of V./D.
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Figure 3.6. Simulated bode diagram of V/M.

From the above results, the bode diagram matches well, the proposed small signal model

is verified.

3.2 Controller Design

3.2.1 Gain Scheduling Controller

As can be seen from (3.7), the system is a nonlinear system. A very common way to
design a controller for nonlinear system is to linearize the system around an equilibrium
point and design a linear controller for it. However, for tracking purpose, the operating
point changes with the reference, the linear controller can not guarantee the stability of
the system when the operating point is far from the equilibrium point the controller was

designed for.

A natural way to design a nonlinear controller then would be a gain scheduling controller
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[75, 76], which changes the controller gain along with the operating point. There is a
limit in this control method, the operating point has to change relatively slow so that the
system is always at or close to the operating point the controller is designed for,

otherwise the system could be unstable.
3.2.2 Controller Design

In order to design a gain scheduling controller, one has to design a series of linear
controllers for all possible equilibrium points. Also the linear controllers must be
parameterized by a certain parameter that is related to the targeted output. The variable

parameters at equilibrium points of the system for a targeted output values (Vss, Viss) are:

M. = Viss
® 2Wess = Ve
- Vcs ~ Vdc
sS
2Vcss - Vdc
2
. V.
lss = Rxls/.; (3.12)
c
Vess = Vcss

foo = sz%
XSS R

The system has to be linearized at this equilibrium point. For a general form of system:
%= f(xu), (3.13)

To linearize the system around an equilibrium point of (x;;, u), f{x, u) is expressed in

Taylor series for the operating point of (xg +x5,ug +us),

d(xg +x5)

d d
= =f(xss,uss)+?d;f(xss,uss)x5 +:1—f(xss,uss)u5 +0(xs5,us).(3.14)

u

As a result, the following equation can be derived:
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] 0 0
Xs =-a€f(xss,uss)x5 +£f(xss,uss)u5, (3.15)

which is a linear system.

Based on the above method, the model can be linearized at any given equilibrium point,

the linearized ABCD parameters are as follows.

0 - Vdc
(2vess =Vac)L
A=Y o xumugy =| — Ve 0 Vs | (3.16)
ox (2vess =Vae)C (2vess =Vac)C
0 2vxss ___R
2vegs —Vae)x x
2vess = Ve 0 ]
L 2
of v v
B_alx:xss’u:uss = C;s;dc - Cx‘;; (317)
0 2vess —Vae
L X i
o 010
C=x=xg,U=Ug = 00 R (3.18)
og 00
D=Ex=xss,u=uss=l:0 O] (3.19)

The input voltage is assumed to be varying relatively slowly, so it is not counted in the
dynamic response of the system. To simplify the system, the following variable

transformation is implemented,

(3.20)
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The ABCD parameters after the transformation become

0 —v—‘l— 0
(2-658 _1)L
Vdc
_ Yxss
d=|— 1 0 _ Ve (3.21)
@Yes _yc @Yes _pc
Vdc Vdc
2 Yxss
0 _Va —R
v X
(255 —Dx
L Vie i
] e _
Vch 0
~ Vxss )2 L _Vxss
B=\""Vi’ CR VuCR (3.22)
27es
O Vdc
L X J
010
C= (3.23)
0 0 R
0 0
D= 3.24
[O O] (.24)

The second step in designing a gain scheduling controller is to design the controller for a
series of possible equilibrium points. To make sure that the output variables are

controlled to the desired values, integral control for the output variables are used. Thus

the new state equations are:
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E=Af+Bu
G=y-r , (3.25)
y=C¢+ Du

where r is the tracking reference signal. Thus the new system becomes

. 140 B
z= z+ U. (3.26)
c 0 D
Design a controller u = Kz so that the closed loop system
7 = ( 40 + B K) (3.27)
z= z .
Cc 0| |D

is stable, which means the poles of the closed loop system locates in the left half plain.
MATLAB command place can achieve this goal. As a result, we get the controller gain
K for one equilibrium point. There are two output variables, if we parameterize the
controller with the two variables with n possibilities for each, we have to design n*n
controllers. In order to simplify the design process without loss of generality, we can fix
the relationship of the targeted values of the two output variables as long as the output
voltage is the only variable the system is required to control. From Figure 3.2, when S1

and S2 are turned on and off complementally, the following equation will be reached:
Vess =Vss - (3.28)

Transfer back to the three phase system, this means the inverter is controlled with simple
boost and M+D=1. However, for the purpose of generality and to improve the transient

response, we choose M+D<1, thus the following equation is derived:

Vess = kratioVxss » (3.29)
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where k,4,, 21.

Now we can use only one parameter to parameterize the controller for a given k4o, after
we design a series of linear controllers and parameterize all the controller gains with

Viss’Vac, the gain scheduling controller design is finished.

It is noteworthy to mention that in all above processes, the input voltage is considered as
a given constant value or varying very slowly, this is because that in real system, the
input voltage usually changes relatively slow if it is not constant, it will not affect the

dynamic performance.

3.3 Simulation Results

Simulation of the closed loop system is performed with the following circuit parameters
and the configuration shown in Figure 3.2: L=1m, C=1.32m, R;=3.330ohm, X=ImH,
V=200V, k,4i,=1.05 the closed loop system poles are placed to [-100+5i -100-51 -200+i
-200-i -300]. Figure 3.7 shows the simulation results using the model in MATLAB.
From the simulation results, the capacitor and output voltage/current follows the reference

quite well in a wide range with acceptable amount of overshoot.
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Figure 3.7. Simulation result of closed loop performance.

To examine the robustness of the controller, circuit simulation with mismatched
parameters using SABER is performed. The controller is the same one as above, the
parameters of the circuit in simulation are L=0.85m, C=1.12m, R=3.20hm, X=1mH,
Vii=200V, k;4i0=1.05. The reference output voltage has a slow step change from
Viss/ Vin=1.1 to 1.8 and back to 1.1. The simulation result is shown in Figure 3.8, from
which we can see that the output current and the capacitor voltage follows the reference,
and the inductor current is off by certain value because of the parameter mismatch and
circuitry loss. Therefore, satisfactory performance is obtained even though the circuit

parameter is not exactly what the controller is designed for.
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Figure 3.8. Circuit simulation results with parameter mismatch.
3.4 Experimental Verification

To verify the effectiveness of the controller, experiments were conducted. The
parameters of the set up are listed as follows:

L=1mH, C=132mF, L;e~1mH, R=3.330hm, V,=37 V, ka.~=1.15 (capacitor
voltage/output voltage), the reference output voltage has a slow step change from

Viss/ Vie=1.1 to 1.8 and back to 1.1. The experimental results are shown in Figure 3.9.
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Figure 3.9. Experimental results.

Figure 3.9 (a) shows the performance of the controller with a step up change. The

capacitor voltage, ¥, and the load current, /;.qq, follow the reference very well. Only

very small overshoot occurs. The inductor current, /;, has to provide extra energy to
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charge/discharge capacitor besides the steady state current, thus the it follows the
reference less well, however, the overshoot/undershoot is acceptable. ~Similar results are
obtained in Figure 3.9 (b) when a step down change happens. Figure 3.9(c) and (d)
show the circuit performance under steady state operation; from where perfect sinusoidal
output current can be observed, and the ratio of the capacitor voltage and the input
voltage is exactly the value the controller is supposed to regulate. In the experiment, the
error in the controller is limited to a certain range in the program to eliminate out of range
sensing error, which also results in the transient response being slightly different from the
simulation results. In these experiments, the output voltage increase/decrease transition

only takes 25-50mS, which is enough for most applications.
3.5 Discussion

In the Z-source inverter, there are two control freedoms: the modulation index, M, and the
shoot through duty ratio, D. However, the two freedoms are related, which is M+D<I
for simple boost control. In the above controller design, this limit is not considered and
the two variables are controlled independently. During the transient, it is possible that
the controller outputs a large M and D, which can not be implement, this might result in
the system becoming unstable. Also, the sensing error might have the same effect. To
make the system stable, it is preferred to use a large k410, Which results in a small M+D
during steady state. However, this also causes higher voltage stress across the switches.
Another way to solve this problem is to limit the variable errors in the program as we did
in the experiment. By doing this, the output of the feed back controller is limited during
a short period of time, thus the feed forward controller dominates during the step change,

and the feed back controller will regulate the output afterwards.
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3.6 Summary

In this chapter, a small signal model of the Z-source inverter with a RL load is developed.
Based on this model, a nonlinear closed loop controller is also designed using gain
scheduling. The detailed modeling process and controller designing process are
presented. Simulation results are used to confirm the small signal model. The

controller is verified with simulation and experimental results.
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CHAPTER 4 Z-Source Inverter for
Fuel Cell Vehicles—Design and

Comparison with Traditional Inverters

The Z-source inverter is a good candidate for applications like fuel cell vehicles and solar
panel systems. In this chapter, comparisons of the Z-source inverter and traditional
inverters are provided to show the potential of Z-source inverter for these applications.

A detailed design process of the Z-source inverter for fuel cell vehicle is also presented.

4.1 Introduction

Fuel cells are very promising as the emerging energy sources in the near future. They
have been used in a variety of areas, such as domestic applications, utility applications,
and traction applications [18-21]. Unlike batteries that have a fairly constant output
voltage, the fuel cell has a unique V-I characteristic and wide voltage range [77]. Figure
4.1 shows the V-I characteristic of proton exchange membrane (PEM) fuel cell, which is
most promising for transportation applications. This unique V-I curve imposes
challenges on the conditioning/interface circuits. For example, for fuel cell vehicles,
this results in difficulty for high-speed, and high-power operation to achieve a great
Constant Power Speed Ratio (CPSR). In addition, because the voltage drops at high

power, the inverter has to be oversized.
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Figure 4.1. Typical PEM fuel cell polarization curve.

Currently, there are two existing inverter topologies used for hybrid electric and fuel cell
vehicles: the conventional 3-phase Pulse Width Modulation (PWM) inverter and a
3-phase PWM inverter with a dc-dc boost converter. Because of t};e wide voltage range
and limited voltage level of the fuel cell stack, the conventional PWM inverter topology
imposes high stresses to the switching devices and the motor, and limits the motor’s
CPSR. The dc/dc boosted PWM inverter topology can alleviate the stresses and
limitations, however suffers problems such as high cost and complexity associated with

the two-stage power conversion.
4.2 System Configurations for Fuel Cell Vehicle

As previously mentioned, three different inverter systems are to be investigated: the
conventional PWM inverter, the dc/dc boosted PWM inverter, and the Z-source inverter.
Their system configurations for fuel cell vehicles are shown in Figure 4.2 (a), (b), and (c),

respectively.
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Figure 4.2. Three inverter system configurations for fuel cell vehicles.
In the traditional PWM inverter, the dc bus voltage, which is also the output voltage of
the fuel cell stack, varies with the load. The modulation index has to be controlled to
achieve the required output voltage. The boost converter in the dc/dc boosted PWM

inverter system boosts the dc voltage only when the required output voltage is higher than
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the fuel cell voltage. The Z-source inverter outputs a required voltage by adjusting the
shoot through duty ratio with the restriction to keep the voltage across the switches not to

exceed their limits.
4.3. Comparison Items, Conditions, Equations, and

Results

For all comparisons, the conventional PWM inverter and the dc/dc boosted PWM
inverter are controlled by SPWM with third harmonic injection to achieve the maximum
modulation index possible when necessary. The Z-source inverter is controlled with
maximum constant boost control with modified PWM scheme [69]. To compare

different inverters, some parameters that are necessary for derivation are listed below.
P, The maximum output power;

Vimax The maximum output voltage of the fuel cell stack, open circuit voltage;
cosp, PF The power factor of the motor;

V, The fuel cell stack output voltage at maximum power;

M The modulation index of inverters, defined by the ratio of the amplitude of

the reference waveform and that of the carrier waveform for traditional SPWM;

Ve The output dc voltage of the boost converter in the dc/dc boosted PWM
inverter;
k Boost ratio, defined by V,./V; for conventional PWM inverter; V,/V,, for

dc/dc boosted PWM inverter; and k=B in (A1.22) for Z-source inverter. Basically, this

is the ratio of the maximum dc voltage across the inverter and minimum fuel cell output
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voltage;

D Duty ratio of the dc/dc converter in dc/dc boosted PWM inverter;
Lerms Capacitor rms current;

Ts Switching cycle;

Dpeak Peak load current.

4.3.1. Total Switching Device Power Comparison

In an inverter system, each switching device has to be selected according to the
maximum voltage impressed and the peak and average current going through it. To
quantify the voltage and current stress (or requirement) of an inverter system, switching
device power is introduced. The SDP of a switching device/cell is expressed as the
product of voltage stress and current stress. The total SDP of an inverter system is
defined as the aggregate of SDP of all the switching devices used in the circuit. Total
SDP is a measure of the total semiconductor device requirement, thus an important cost

indicator of an inverter system. The definitions are summarized as follows:

N
Total Average SDP = (SDP)ay = X Vil average » and

m=|

=

Total Peak SDP = (SDP)px = X Vpulp  peak » Where N is the number of devices used,
m=1 -

In-average and I peai are the average and peak current through the device respectively, and
Vm is the peak voltage induced on the devices.

In our comparison, the input end diode D1 in the traditional PWM inverter and the
Z-source inverter are not considered, because it’s difficult to compare the cost of a diode

and a switch of the same rating. The average and peak SDPs of conventional PWM
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inverter are:

(SDP) =M, 4.1
cospV;nM
8V max P.
(SDP) py = —max g 4.2)
cospV; M
The average and peak SDPs of dc/dc boosted PWM inverter are:
8P P
SDP),, =—2—+-2*Vp, 43
(SDP) 4y cospmM |V, D€ 4.3)
8P P
SDP) . = 0_ 4+ _2*yp 4.4
( ) pk = cos (pM Vi bc: (4.4)
The average and peak SDPs of Z-source inverter are:
2P,(2-+3M) 4VJ3P,
(SDP),, = (2-+3 ) v3 (4.5)
(3M -1) " Cos on’
(SDP) pj, = max( 45, , 8% ). (4.6)
«/_M -1 cosqu cos pM

The detailed derivation is in appendix 1.

Assume that the motors for different inverters are all in constant torque region, thus the
motor current almost maintains constant for different power. The conventional PWM
inverter and the dc/dc boosted PWM inverter are operated with modulation index of 1.15
with third harmonic injection or SVPWM at maximum power condition to minimize the
required SDP. Based on the above equations and operation conditions, the required SDP
of each inverter can be calculated for different load power factor and boost ratio, k, the
results are shown in Figure 4.3. As mentioned above, the boost ratio is defined by
VaaVi for the conventional PWM inverter; V,/V;, for the dc/dc boosted PWM inverter;

and k=B for the Z-source inverter.
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For the conventional PWM inverter, it is obvious that the required SDP is proportional to
the apparent power, therefore the SDP should increase linearly with the decrease of the
load power factor. For the dc/dc boosted PWM inverter, the SDP of the inverter
increases with the apparent power and the SDP of the dc/dc converter stays constant. It
is similar for the Z-source inverter, the SDP contributed by shoot through doesn’t change
with the apparent power. Therefore, as load power factor reduces, the SDP of
conventional PWM inverter increases quicker than the other two inverters, which is
verified from Figure 4.3. As can be seen from Figure 4.3, if the same boost ratios are
used for the three inverters, the Z-source inverter requires low SDP at low boost ratio
region (1-2), especially average SDP, which is also an indicator of thermal requirement
and conversion efficiency. When the boost ratio is above 2, the dc/dc boosted PWM
inverter is the best in terms of SDP requirement. For very low boost ratio (1-1.25) and
high power factor, the SDP of the conventional PWM inverter is very similar or even

smaller than the Z-source inverter.
4.3.2. Requirement of Passive Components Comparison

Passive components—inductors and capacitors are also important parts determining the
inverter cost and volume. The inductors are designed to limit the current ripple, and the

capacitors are designed based on current capacity and capacitance requirement.
4.3.2.1 Inductor Design and Comparison

For an inductor, the size is determined by the inductance and the current level. The
average current, I,,, through the inductor in the dc/dc boosted PWM inverter at maximum

power is:
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P
I =-%. 4.7
™=y (4.7)

For the Z-source inverter, the average current through the inductor equals to that through
the input end diode, based on power balance, the average inductor current can also be

calculated by (4.7).

The purpose of the inductors is to limit the current ripple through the semiconductor

devices, therefore, the inductance can be determined by a given current ripple level.

The inductor current ripple,Al; , in the dc/dc boosted PWM inverter can be calculated

by:

(Ve =V:
ar, =i V) 7 (4.8)

where L is the inductance of the inductor.

The inductor current ripple in the Z-source inverter using maximum constant boost

control is:

V\3M N
Al =—2M i 4.9
L 2L(\/§M—l)[ 2 ]s *9)

where L is the inductance of the inductors.

The detailed derivations of the equations are in appendix 2. In (4.8) and (4.9), all other
parameters are known for maximum power operation condition, therefore the inductance

requirement can be calculated by limiting the current ripple within a certain range.
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For the two inductors in the Z-source inverter, the current through them and the voltage
across them are exactly the same, therefore they can be built on the same core, with the

same size of one inductor with doubled inductance as shown in Figure 4 4.

Figure 4.4. Coupled inductors.

For a single coil on one core, the flux through the core is
¢=PNi, (4.10)

where P is a constant related to the core material and dimension, N is the number of turns

of the coil, and i is the current through the coil. The inductance of the coil is

L=ﬂ=PN2. 4.11)
4

For the two inductors in the Z-source inverter, because of the symmetry of the circuit, the
current through the inductors is always exactly the same. For two coils on one core with

exactly the same current, i, the flux through the core is

é=2PNi. (4.12)
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The resulted inductance of each coil when supplying exactly the same current to the two

coils is

L=ﬂ=2PN2 : (4.13)
4

The inductance of each coil is doubled.
4.3.2.2 Capacitor Requirement Comparison

The current through the capacitor is an important factor determining the capacitor size.
It is obvious that the current through the capacitor repeats every 1/3 of the fundamental
cycle. From Figure 4.5, the capacitor current can be calculated by the following

equation:

1
3/
Lopms =3 | Gic () =ine()?d, (4.14)
0

where f'is the fundamental frequency.

Figure 4.5. Capacitor current ripple calculation.

For the conventional PWM inverter, the input current to the capacitor, i,, is assumed to

be constant, which equals to the average current, The output current of the

Lo
Vi

capacitor changes with the time, and it can be different for different PWM schemes.
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However, the rms current stays the same [78, 79]. For the switching cycle with SPWM

scheme shown in Figure 4.6 (a), the instant current can be described as:

0 TO<t<TI,T3<t<T5T7 <t<T8
ipe(t) =1ig T2<t<T3,T5<t<T6 (4.15)
-y TI<t<T2,T6<t<T7

where i, and i, is the load current of phase a and b.

As aresult, the following equation can be derived:

BM

cos (02 + 7)1,,6‘,,(2 (4.16)

9
Icrms2 = ("1-6M2 COS(02 +

Based on this equation, the capacitor current for different modulation indices and load

2

crms

power factors are shown in Figure 6 (a). K, is defined by X; = 5 where lpear 1S

I peak
the output peak current.
For the dc/dc boosted PWM, assuming that the control of the dc/dc converter and the

inverter share the same carrier, for a certain interval with modulation scheme shown in

Figure 5 (b), the input and output current of the capacitor can be described as:

0 TO<t<T2,T8<t<TIO
ie)=11 T2<t<T8 Rt
i
0 TO<t<T1,T4<t<T6,T9 <t <TI0
ioe (1) =i TI<t<T4,T6<t<T7 (4.18)
~ip TI<t<T3,T7<t<T9

The resulted current depends on the relative positions of the reference signals. It is
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easier to use numerical calculation than analytical expression. The dc/dc boosted PWM
inverter operates as a conventional PWM inverter when the input voltage is higher than
the required output voltage with D=0. When the input voltage is not high enough to
output the required voltage, to minimize the switchirig loss, the inverter is always
operated with maximum modulation index possible, 1.15, and the dc/dc converter
operates with D greater than zero to output the required voltage. Figure 4.7 (b) shows
the calculated capacitor current for the dc/dc boosted PMW inverter for these two
conditions. The solid curves show the capacitor current when the D=0 with different
modulation indices, the dotted curves show the capacitor current when D>0 and M=1.15

for different load power factors.

Maximum constant boost control with third harmonic injection shown in Figure 4.6 (c) is
used to control the Z-source inverter. As seen from Figure 4.6 (c), when the carrier is
higher than ¥V, or lower than V,, the inverter is in shoot through state, while in between, it

operates as traditional SPWM. The input current to the capacitor is the inductor current,

which can be considered as constant, % During traditional zero states and active

states, the output current of the capacitor is the same as the conventional PWM inverter.
During shoot through state, the two capacitors are charging the two inductors separately
through the inverter bridge, therefore the current through the inverter bridge is twice of
the inductor current. More detailed description of the output current of the capacitor at

the interval shown in Figure 4.6 (c) as an example is as follows:
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0 Tl<t<T2,T4<t<TS5,
T7 <t <T8,T10 <t < Tl1(traditional zero state)

ihe(t) =141, T3<t<T4,T8<t<T9 > (4.19)
— i T2<t<T3,T9<t<TI0
2%’— TO<t<TI1,T5<t<T7,Tl1<t<TI2(shoot through state)
i J

\

From this equation, we can calculate the current through the capacitors in the Z-source
inverter. Similarly, the Z-source inverter can be operated as a conventional PWM
inverter when the input voltage is high enough to output the required voltage, and it will
be operated with shoot through only when the input voltage is lower than the required
output voltage. The resulted capacitor currents for these two different operation

conditions are shown in Figure 4.7(c).

It is note worthy to mention that .4 is different for different inverter systems. For the
same fuel cell stack and same power, .. of the conventional PWM inverter will be

higher than the other two because of lower available voltage.

Va V1
Vg VC
d

vh Y

To TI  T2T3 T4 TsT6 T7 T8 T TWT TS T6 T7T8 T9 TIO

(a) Conventional PWM inverter (b) dc/dc boosted PWM inverter
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(c) Z-Source inverter

Va, Vb, Vc: reference signals of inverter PWM; v, reference signal of the dc/dc converter;

Vp, Va: reference signals controlling the shoot through
Figure 4.6. PWM scheme of different inverters at a certain interval.

The capacitance can also be an important factor determining its size depending on the
type of the capacitor. The capacitance is designed based on limiting the voltage ripple
across the capacitor to limit the output current harmonic. From the above analysis of the
current through the capacitor, it is easy to numerically calculate the maximum voltage
ripple of the capacitors under different conditions. The calculated results are shown in

Figure 4.8. The dotted curves in (b) and (c) show the results when boost function is

needed. The result is defined by K, = _a0 , where AQ is the charge causing the
peak *s

maximum voltage ripple, L.q is the peak load current, Tj is the switching cycle. Also,

L is different for different inverter systems.
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Figure 4.7. Capacitor current comparison of the inverters.
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Figure 4.8. Capacitor voltage ripple comparison of the inverters.

4.3.3. CPSR Comparison

CPSR is limited mainly by available dc voltage of the PWM inverter. The fuel cell
voltage decreases as the current drawn increases, which greatly limits the motor’s power
output and efficiency at high speed. For the dc/dc boosted PWM inverter and the
Z-source inverter, the available output voltage is theoretically infinite. To compare the
CPSR limited by the inverter output voltage, certain operating conditions have to be
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specified. To make a fair comparison, the same fuel cell stack and the same device
voltage ratings are used. This is accomplished by limiting the maximum output voltage of
the dc/dc converter, V., the maximum voltage across the device of Z-source inverter,

v.., and the open circuit voltage of the fuel cell, V,,,a;, to the same values. Thus the

maximum voltage across the device and the boost ratio are the same for all inverters.
The modulation indices of the conventional PWM inverter and the dc/dc boosted PWM
inverter are both 1.15, to output the maximum voltage. The maximum obtainable output

phase peak voltage of conventional PWM inverter at peak power is

) 4
Voo =Vi M_4 (4.20)

2 3

The maximum obtainable output voltage of the dc/dc boosted PWM inverter is

. M kY

Vac =Vdc7= NG (4.21)

For the Z-source inverter, the modulation index used to boost the voltage is determined

by [7]:

—k. (4.22)

The resulted obtainable output voltage is:

5= U%/‘%ﬁ (4.23)

Define the CPSR of conventional PWM inverter to be 1 per unit. The CPSR of dc/dc

boosted PWM inverter and the Z-source inverter are k and % respectively.
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4.3.4. Reliability Comparison

Compared to traditional PWM inverter and the Z-source inverter, the dc/dc boosted PWM
inverter uses one more active device, which inevitably reduces the reliability of the
inverter. Also, the Z-source inverter can handle shoot through state, thus momentary
shoot through caused by EMI will not affect the inverter operation. While for traditional

inverters, this might trigger protection and cause unexpected system shut down.

4.4 Comparison Example

In this section, a comparison example will be conducted based on a given fuel cell and

system with the following parameters:
V=250 V; V=420 V; P,=50 kW; cos ¢=0.9;

The conventional PWM inverter and the dc/dc boosted PWM inverter are operated with
modulation index of 1.15 with third harmonic injection or SVPWM at maximum power
condition. For a fair comparison, the same device voltage ratings are used, which

means the boost ratios of the three inverters are kept the same.

With these assumptions, the SDP of different inverters can be calculated and shown in

Table.4.1.
Table 4.1 Switching device power comparison example
Inverter Systems Total Average SDP (kVA) Total Peak SDP (kVA)
PWM inverter 207 650
dc/dc boosted PWM inverter 207 470
Z source inverter 191 577
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Table 4.2. Required passive components

Inverter | Number | Inductance | Average | Number | Capacitance | Capacitor | Capacit-

Systems of (uH) inductor of of the rms or

inductor current | capacitor ‘capacitor current voltage

(A) (uF) (A) rating

™)

Conventi- 0 N/A N/A 1 296 112 420
onal PWM
inverter

dc/dc 1 510 200 1 511 105 420
boosted
inverter

Z-source 2(D) 339 200 2 428 110 420
inverter

Table 4.3. Operation conditions at different power

Power Rating 50 kW | 40kW | 30kW | 20kW | 10 kW

Fuel cell voltage (V) 250 280 305 325 340

Conventional PWM inverter 101.7 814 61 40.7 20.3

Motor Phase dc/dc boosted PWM inverter 170.8 136.6 102.4 68.3 34.2

| \%
voltage (V) Z — source inverter 1368 | 1094 | 82.1 | 547 | 274
Conventional PWM inverter 182 182 182 182 182

Motor current (A) dc/dc boosted PWM inverter 108.4 108.4 108.4 108.4 108.4

Z — source inverter 135 135 135 135 135

The Z-source inverter’s average SDP is the lowest among the three while the

conventional PWM inverter’s SDPs are the highest in both average and peak values.
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Usually, the selection of the switching device is based on the rms/average current rating,

and also the average SDP is a measurement of thermal requirement.

Table 4.2 shows the passive component comparison with the requirements to limit the
inductor current ripple to be less than 10% of its average value, and capacitor voltage
ripple less than 3% of the maximum voltage, 420 V @ switching frequency of 10 kHz.
The Z-source inverter’s two inductors can be built on one core to minimize the size and
weight. In general, the required L and C of the Z-source inverter are slightly greater

than those of the dc/dc boosted PWM inverter.

For the conventional PWM inverter with the fuel cell model described above, the fuel cell
voltage is the dc voltage of the inverter, which drops to 250 V at 200 A. From the 250 V
dc, the conventional PWM inverter can only yield 176 V to the motor. This low motor
voltage limits CPSR and lowers mechanical output power and efficiency. The PWM
inverter with dc-dc boost can keep the dc voltage to 420 V, which in turn increases CPSR
by a factor of 1.68. Theoretically the Z-source inverter can output whatever voltage as
required. By the restriction of the same switch voltage stress as the traditional PWM
inverter and dc/dc boosted PWM inverter, the Z-source inverter can increase the CPSR
by 1.34 times over the traditional PWM inverter. In other words, the motor voltage
produced by the Z-source inverters is 1.34 times that produced by the conventional PWM
inverter, thus the same motor can output 1.34 times the power than when driven by the

conventional PWM inverter.

Efficiency is an important criterion for any power converter. High efficiency can reduce

thermal requirements and cost.

The inverter system is assumed to be operated in constant torque region and space vector
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control is applied to all inverters. Based on this assumption, the output voltage and
current of the inverter can be derived in Table.4.3. From the resulted voltage and
current, the following devices are chosen for efficiency calculation: the switches for the
main inverters of dc/dc boosted inverter and Z-source inverter‘ are Powerex IPM
PM300CLAO060, the switch for the dc/dc boost converter is Powerex PM300DSA060, the
switch for the traditional inverter is Powerex IPM PM450CLA060, the input end diode of

the traditional PWM inverter and the Z-source inverter is IXYS MEO 500-06DA.

For the efficiency comparison, only the semiconductor devices losses are considered.
For conventional PWM inverter and dc/dc boosted PWM inverter, the IGBT loss consists
of switching loss and conduction loss, the diode loss includes conduction loss and reverse
recovery loss, the detailed calculation method can be found in [80]. For the Z-source
inverter, the loss of the inverter consists of the following parts: conduction loss of the
switches during non-shoot through states, switching loss between non-shoot through
states, conduction loss of the switches during shoot through state, switching loss of the
shoot through state, free wheeling diodes conduction loss and reverse recovery loss
during non-shoot through states. The modified PWM sequence of maximum constant
boost control is implemented for efficiency comparison, in which one shoot through
period is employed in a switching cycle as shown in Figure 4.9. The switching loss for

the modified PWM method can be found in chapter 2.

The reverse recovery loss of the free wheeling diodes is reduced because some of the turn
off states of the diodes are turn into shoot through turn off, the reverse recovery loss can

be calculated accordingly.
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Figure 4.9. Switching states sequence in one cycle.

The conduction losses of the IGBTs and the diodes algo change because of the shoot
through states. Assuming the shoot through duty ratio is Dy and the corresponding
conduction losses of IGBTs and diodes for traditional PWM inverter under the same load
current are P, car and Pongiode TESpectively, which can be calculated based on [80], the

conduction losses of the Z-source inverter during traditional states become:
PoniGBTtraditional = (1= Do)FPoniGBT (4.24)
Pondiodet raditional = (1= Do)Fondiode (4.25)

Assuming that the inductor current is high enough so that all IGBTs are on during shoot

through state, the average current through the IGBTs during shoqt through is 2—214 , the

conduction loss of IGBTs during shoot through is

2
P onlGBTshoothrough = DoVce (sat) * 5 I, (4.26)

where Viggqy is the saturation voltage of the IGBT. From all above discussion, total
loss of the inverter bridge can be calculated. Also, the conduction loss and reverse
recovery losses of the input end diode of the Z-source inverter and the traditional PWM
inverter are considered. The inverter efficiency calculation results are shown in Figure

4.10.
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Figure 4.10. Calculated efficiency of inverters.
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Figure 4.11. Inverter efficiency calculated using software.

From the above comparison, the Z-source inverter provides the highest efficiency in most

regions of the power range of the inverter itself.

To verify the efficiency calculation of the traditional inverters, Mitsubishi average loss
simulation software [81] is used. The efficiencies of the conventional PWM inverter

and dc/dc boosted PWM inverter calculated from the software under the same operation
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conditions are shown in Figure 4.11. As can be seen from Figure 4.10-11, the calculated
efficiencies and simulated efficiencies are very close. However, because of the different
operating principle, the software can’t be used to simulate the efficiency of the Z-source
inverter. To verify the efficiency calculation of the Z-source inverter, efficiency
measurements on a S0kW Z-source inverter shown in Figure 4.12 (a) are conducted.

Developed for a different project, the inverter bridge is Powerex IPM PM600CLA060 to

meet high temperature requirement, the inductor is 25 1 H each and built on one core,
which is equivalent to a 50 1 H inductor, also one film capacitor is connected in parallel

with the input voltage source just to minimize the current loop. However, the loss
characteristics of the two IPMs are quite similar. The test was carried out on a RL load
test and with power factor of 0.8. The resulted efficiency is shown in Figure 4.12 (b).
Because of the load, the current at low power becomes smaller than the motor current
when operated in constant torque mode. This results in higher efficiencies than the
calculated value at low power range. Also, because of the lowerv power factor, and the
losses on the passive components, the efficiency at high power is slightly lower than as
expected from the calculated values. Considering all these factors, the calculated

efficiencies of the inverters are quite accurate.
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(a) S0kW Z-source inverter (b) Measured efficiencies

Figure 4.12. Efficiency testing and results.
4.5. Summary

A comprehensive comparison of the three inverter systems has been performed.
General equations and curves of switching device power, passive component requirement,
and CPSR have been derived for comparison. A comparison example with detailed
specifications has been carried out. For this comparison example, efficiencies of the
different systems have also been compared and verified. The comparison results show
that the Z-source inverter has lowest average SDP in low boost ratio range (1-2). Also it
provides higher efficiencies in most operating ranges. It can increase the CPSR over the
conventional PWM inverter significantly. It does slightly increase the passive

component requirement.

It is note worthy to mention that this is a purely theoretical comparison. In practical
cases for the dc/dc boosted PWM inverter, the associated cost and volume increase of the
extra heat sinking effort, and the required gate drive for an extra switch, is also significant.
Also, the great reliability enhancement of the Z-source inverter is a very important
advantage. In general, the Z-source inverter is very competitive in moderate boost ratio
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range (1-2), in which most fuel cells reside. In cases when a low voltage fuel cell is
used, and boost ratio much higher than 2 is needed, the dc/dc boosted PWM inverter is
the best configuration. In this chapter, the comparison is limited to a fuel cell vehicle
without a battery, all configurations can be modified to Vfuel cell-battery hybrid vehicles
by adding a battery [12] to incorporate the regenerative braking function without

significant change of the main circuit.
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CHAPTER 5 Operation Modes and
Characteristics of the Z-Source
Inverter with Small Inductance or Low

Power Factor

All of the descriptions and analysis done in previous chapters are based on an assumption
that the inductance of the inductor in the Z-source network is large, and the load power
factor is high so that the inductor current is almost constant. In some applications, the
inductance should be minimized in order to reduce cost, volume, and weight. In this
chapter, we will analyze the Z-source inverter operation when the inductance is very
small and the inductor current has high ripple or is discontinuous. The analysis reveals
new operation modes and characteristics. As a result, design guidelines and

considerations will be provided.
5.1. Introduction

The traditional voltage source inverter (VSI) is a buck converter which can only produce
a voltage lower than the DC bus voltage. A 3-phase VSI has 6 active states and 2 zero
states. A zero state is produced when the upper three or lower three switches are turned
on at the same time shorting the output terminals. The upper and lower two switches of

any phase leg can never be gated on at the same time, otherwise a shoot-through short
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circuit would occur and could destroy the inverter. The shoot-through is a forbidden
switching state for the traditional VSI. The Z-source inverter shown in Figure 5.1,
instead, uses the shoot through state to boost the output voltage. However, under certain

load condition and inverter parameters, there could be more operating modes.

In order to make the description of the converter easier, a list of symbols are listed below.

Nomenclature

Vo Input voltage of the Z-source inverter;

v Voltage across the inverter bridge;

L: Inductance of inductors in the Z-source network;

C: Capacitance of the capacitors in the Z-source network;

V: Voltage stress across the device, equals to maximum value of v;;
Ve: Voltage across the capacitors in the Z-source network;

i Current through the inductors in the Z-source network;

i Current fed to the inverter bridge;

Iin: Input current to the Z-source inverter;

Ty, T Zero states in SVPWM/SPWM;

To.7: Total traditional zero state in one switching cycle;

T, T, Active states in SVPWM/SPWM;

G: Voltage gain, defined by the ratio of output peak phase voltage and half of the

input voltage;
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M: Modulation index;

cosp: Load power factor;

Ty Shoot through period in one switching cycle;

Ts: Switching cycle;

VA Load impendence per phase;
Ipk: Load peak current;
Vour: Output phase rms voltage.
% KFH I
— Vo —>
To ac
L, J J . Load

Figure 5.1. The Z-Source inverter.
5.2. Operating Principle and Operation Modes Analysis

The Z-source inverter utilizes the shoot through zero states to boost voltage in addition to
the traditional 6 active states and 2 zero states. The basic operating principle described
in [12] assumes that the inductor current is relatively high and almost constant. When
the inductance is small or the load power factor is low, the inductor current can have high
ripple or even become discontinuous. Instead of having the two operating modes
described in [12], the Z-source inverter may have five different operation modes as

shown in Figure 5.2 when viewed from the Z-source network. Modes 1 and 2 have been
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described in [12], whereas modes 3, 4 and 5 are new modes that may exist for small

inductance and low power factor cases.

[Mode 1]: The circuit is in a switch shoot-through zero state when the two switches in
any of the three phase legs are turned on at the same time, the sum of the two capacitors’
voltage is greater than the dc source voltage (V¢;+ V2 > V), the diode is reverse biased,

and the capacitors charge the inductors. The voltages across the inductors are:
Vin=Vc1, V2 =Vc2- (5.1

The inductor current increases linearly assuming the capacitor voltage is constant during
this period. Because of the symmetry (L;=L,=L and C;=C,=C) of the circuit, one has

VLI=VL2=Vy, ipj=ip2=ir, and V¢, = Vo = Ve

off i,
—D— —

J
E—Fr—>
b,
(a) Mode 1 (b) Mode 2
off iL off iL ]
S S

(c) Mode 3 (d) Mode 4
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(e) Mode 5

Figure 5.2. Possible operation modes of Z source inverter.

[Mode 2]: The inverter is in a non-shoot through state (one of the 6 active states and 2

traditional zero states) and the inductor current meets the following inequation,

o1
i >§1,-. (5.2)

Again because of the symmetry of the circuit, the capacitor current ic; and ic; and the
inductor current i;; and i;, should be equal to each other respectively. In this mode, the

input current from the dc source becomes:
lin =Ip) +iy =ipy + (i —§;)=2ip —i; >0 (53)
Therefore, the diode is conducting and the voltage across the inductor is
vy =V, -V, (5.4)

which is negative (the capacitor voltage is higher than the input voltage during boost
operation when there are shoot through states), thus the inductor current decreases

linearly assuming the capacitor voltage is constant. As time goes on, the inductor
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current keeps decreasing to a level that no longer the condition of (5.2) can be met and
the input current, i;,, or the diode current is decreased to zero, Mode 2 ends and the

inverter enters to a new mode.

[Mode 3]: The inverter is in one of the 6 active states, and the inductor current equals to
half of the inverter dc side current, i;. As a result, the input current becomes zero and
the diode becomes reverse-biased. Assuming that the inverter load is inductive and has
a much larger inductance than that of the inductor L; and L, the voltage drop across L,

and L; are negligible and the inductor current and inverter voltage v; are respectively

i =%i,- and (5.5)

v =V,. (5.6)

[Mode 4]. The inverter is in one of the 2 traditional zero states (i=0) and at the end of
Mode 2, the inductor current decreases to zero, thus a new operation mode appears. In
Mode 4, the diode stops conducting and the inverter is an open circuit to the Z-source
network because of /;=0. The inductor current becomes zero and maintains zero until the
next switching action. Therefore, in this mode, the Z-source circuit is isolated from both
the dc source and the load. The load terminals are shorted by the upper three switches or

the lower three switches as shown in Figure 5.2 (d).

[Mode 5]: Freewheeling diode shoot through state: The inverter is switched to an active
state and the inductor current at that instant is less than i/2. After having been switched
to an active state, the inverter cannot enter the active state immediately because that the
available current from the dc side 2i; is not enough to supply the load current, i;, the

inverter enters a free-wheeling state described in Figure 5.2 (¢). The two diodes in the
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equivalent circuit are the free wheeling diodes of the inverter phase legs. This diode free
wheeling state turns the inverter into a shoot through state. During this shoot through
state, all the equations of Mode 1 hold true and the inductor current increases linearly.
This mode continues until the inductor current reaches 'i,-/2 or another switching action
happens. The difference between this mode and Mode 1 is that this mode is not
intentionally created by the control signal and depends on the load current and the inductor

current at the time of switching.
5.3. Circuit Analysis and Characteristics

The Z-source inverter can be operated with both traditional SPWM/SVPWM
without any shoot through states and with shoot through to boost the output voltage.
Under both cases, the new operation modes may or may not occur depending on the
inductance and load conditions. The combination and sequence of the operation modes
can be different for different circuit parameters. In this section, the circuit will be
analyzed under both traditional SVPWM control and with boost by giving the operation
conditions including the combination and sequence of the new modes and the critical

conditions for the new modes to happen.
5.3.1. Traditional SVPWM Control

Under traditional SVPWM control and simple operation, when only the Mode 1 and Mode
2 occurs, the capacitor voltage always equals to the input voltage and the inductor current

is a pure dc. However, under certain condition, new operation modes can also occur.
5.3.1.1. Operation Conditions
For SVPWM control, one switching cycle consists of 4 switching states, two zero states Ty

104



and T7 and two of the six active states, T| and T, for instance. During Ty and T, the load
terminals are shorted by the upper or lower three switches, and there is no current feeding
the inverter bridge from the dc side. To simplify the analysis, assume that the current
from the dc side to the inverter bridge, i;, during the two active states are the same, and the
capacitor voltage is always constant. Under these assumptions, there can be two
different operation conditions termed as CCM and DCM with the inductor current shown
in Figure 5.3 (a) and (b) respectively. In both cases, because of Mode 5, the capacitor
voltage is higher than the input voltage. For the CCM condition, the inductor current
decreases in the zero state Top. When active state T, starts, the inductor current is less
than iy/2, thus freewheeling diode shoot through mode (Mode 5) happens, and the inductor
current increases linearly until it reaches i/2. The inductor current then maintains by
entering Mode 3 afterwards. The inductor current will decrease again when the inverter
enters the second part of the zero states T;. In some cases when the inductance is
extremely low, the inductor current can reach zero during the zero states and stay at zero
in Mode 4 until the next switching action as shown in Figure 5.3 (b), which forms a

DCM operation condition.

i ]
T,i T, &T, iT, AT T & T, [Ty
Lk i A
I, I
i > . >
Operation : P Operation; _; ¢ _ 1
modes | 2 S 3 32 modes ,24 5 3 2 §
(a) CCM (b) DCM

Figure 5.3. Inductor current waveforms for different operation conditions.
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It is note worthy to mention that the currents to the inverter bridge at different active states
are actually different, which will make the operation condition more complicated and
there also could be additional operation conditions, however the basic principle and the
possible operation modes are the same. Because of the variation of the line current in a

line cycle, more than one operation condition can occur in one line cycle.

Under simple operation condition, when only Mode 1 and 2 occur, the capacitor voltage
always equals to the input voltage. With these new operation modes, the capacitor
voltage is boosted and the voltage across the device is also increased. Because some
parts of the active states becomes a freewheeling diode shoot through state, the output
voltage can be higher or lower than the output voltage under simple operation with the
same modulation index. Also, the time duration of the freewheeling diode shoot through
state depends on the current to the inverter bridge, which changes over a line cycle, this

can cause slight harmonics in the output voltage.
5.3.1.2. Critical Condition

As discussed above, the new modes will bring different characteristics to the inverter, it is
important to know under what condition these new modes will happen. The critical
condition of the new modes to happen under traditional SVPWM without any controlled

shoot through is:
2
Mcosp < 3 &)

As from (5.7), when the load power factor is low, there will be new operation modes.

The detailed derivation can be found in appendix 3.
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5.3.2. Maximum Constant Boost Control with Third Harmonic Injection

When the circuit starts to boost the voltage by introducing shoot through states, the new
modes can also happen depending on the load condition and the inductance of the
inductors. As stated previously, different control methods might yield different circuit
characteristics, therefore a specific control method is required for the analysis. The
maximum constant boost control method with third harmonic injection is employed here
to analyze the circuit characteristics as an example. Circuit characteristics under other

control methods can also be derived by following the provided procedure.
5.3.2.1. Operation Conditions

The maximum constant boost control with third harmonic injection is quite similar to
traditional SVPWM. In each switching cycle, there are two active states, T; and T, for
instance, two zero states, Ty and T, and one shoot through state, Ty, with the following
sequence: Ty, To, Ty, T2, T7. To simplify the analysis, the currents feeding to the inverter
bridge in the two active states are assumed to be the same, and the capacitor voltage is
assumed to be constant. Under these assumptions, there are two possible operation

conditions as shown in Figure 5.4 (a) and (b) respectively.
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Figure 5.4. Z-source inductor current for different operation conditions.

Figure 5.4 (a) shows the CCM operation condition. In each switching cycle, the circuit
starts with a shoot through zero state, Ty, during which the inductor current increases
linearly. After Ty, the inverter switches into traditional zero state, Ty, and then active
states with operation Mode 2, during which the inductor current keeps decreasing and is
reduced to half of the i; in the middle of active states. Then Mode 3 comes into play by
keeping the inductor current almost constant and turning off the diode D. When the
active states are over and the circuit is turned into traditional zero state, Mode 2 appears
again, and the inductor current decreases linearly until another switching action turning
the circuit into switch shoot through state again (Mode 1). During this whole cycle, the
inductor current is continuous, therefore this operation condition is termed as CCM
condition. In the second half of the traditional zero state, it is also possible that the
inductor current decreases to zero before another switch shoot-through state starts, and
stays in Mode 4 for the rest of the cycle until the next switching action. Figure 5.4 (b)

shows this operation condition, which is termed as DCM condition.
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In the practical case, the current fed to the inverter bridge is different for different active
states, which will make the operation condition more complicated, however, the basic
principles and the possible operation modes are the same, and it will be shown in the
following example that the analysis with the simpliﬁcation still predicts the circuit
behavior very well.

Also, there can be more than one operation condition during one line

cycle because of the variation of i; over a line cycle.
5.3.2.2. Critical Condition

Using a small inductor can reduce the cost, volume, and weight, but at the same time new
operation modes might occur. On the other hand, using a small inductor causes higher
current stress to the switches, and more importantly, under the new operation conditions
with new operation modes, the voltage to the inverter v; is no longer always a constant
during active states, which is always 2V_-V, in the simple operation condition. This
might cause some unexpected output harmonics. Thus in some applications where
harmonic regulation is very crucial, one might not want the new operation modes to

appear. The critical condition of the new operation modes becomes important to the

design of the inductors.

The critical condition of the new operation modes under maximum constant boost control

with third harmonic injection can be described by the following inequation,

,

3Mcosp w/ETS,
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When this inequation is met, the circuit starts to have new operation modes. The detailed

derivation of the critical condition can be found in appendix 4.

5.4. Analysis Example

The circuit characteristics will be different when the new operation modes happen.  Also
it can be different for different operation conditions with different combinations and
sequences of the new modes. In this section, we will analyze the circuit characteristics
under CCM condition under maximum constant boost control with third harmonic
injection as an example. A detailed process will be provided, which can also be used to

analyze the circuit under other conditions.
5.4.1. Voltage Gain

Assume the circuit is operated under CCM condition throughout the whole line cycle.

The voltage across the capacitors in the Z-source network satisfies equation (5.9)

VeVoTo+7Ts — TstZVcVo — TO+7T:>'tVo2 — 0.455M cos @ TV, —2Tp47V + To47V)

(59
LTV, - 2Ty, 7LV, + 2Ty ,7V,L-V,LT, z T, - Ty —Tos7 ©-9)

With this equation and all known parameters, one can calculate the output voltage and

voltage stress across the inverter switches based on the following equations:

(2Vc - Vo )Tal + VcTa2
22T, +T,2)

Output rms phase voltage: V,,, = M, (5.10)

Switch voltage stress: V; =2V, -V,, (5.11)

where T,; and T, are shown in Figure 5.4 (a) and can be calculated by (AS.1) and (AS.2)

in appendix S.
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5.4.2. Relationship of Voltage Gain Versus Voltage Stress

From the previous discussion in chapter 2, one important criterion to judge the inverter
performance is the relationship of voltage gain versus th¢ voltage stress. To evaluate the
new operation conditions, a comparison of the voltage stress versus voltage gain
relationship of the CCM condition with the simple operation condition under maximum

constant boost control with third harmonic injection is provided.

For simple operation condition, the voltage stress, V;, versus voltage gain, G, relationship

is provided in chapter 2, which is
Ve =B3G-1V,. (5.12)

For the CCM condition under maximum constant boost control, where T,=(1-0.866M)T,

Typ-7=0.0386 MT, from (5.10), the voltage gain can be calculated by:

G- «/EVO,,, _27(V,(1-0.0772M) + 0.0386 MV ) (5.13)
V, 12 337, ' '
With this voltage gain, the value of (\/EG -1V, is,
(«/EG -1V, =(2.09-0.16M)V,. +(0.08M -1)V,,. (5.14)

The modulation index M ranges from 0.58 to 1.15, the voltage stress under CCM

condition can be approximated as
Ve =2, -V, ~ (N3G -1)V,. (5.15)

Therefore the voltage stress versus voltage gain relationship of CCM condition under

maximum constant boost control with third harmonic injection is about the same as in the
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simple operation condition.
5.4.3. Design Guidelines

In some applications, one might want to avoid the new modes. When the load power
factor and modulation index are not very low, one could design the inductor of the
Z-source network according to (5.8) to avoid the unwanted operating modes. However,
from (5.8), it is obvious that when the load power factor is very low, say 0, the critical
condition is always met and the new operation condition is inevitable. =~ Under these
extreme conditions, it is still possible to avoid the DCM by properly choosing the
parameters of the Z-source network. The basic design method of the Z-source inverter
for simple operation condition is given in chapter 4. Further rules have to be followed
to avoid the DCM condition. In all above analysis, the voltage across the capacitor is
assumed to be a constant, thus as long as the capacitance is large enough so that the
voltage ripple across the capacitor is reasonably low, the capacitor doesn’t have any effect
on the operation modes. From Figure 5.4, the main difference between CCM and DCM
is whether or not the inductor current decreases to zero during 77. The inductor current
during T,, when it almost maintains constant in CCM condition can be calculated from
(5.16).

2 2
ﬁ - VcVoTO+7Tst _Tst VcVo _T0+7TslVo
2 LTV, -2Ty,7LV, +2Ty,7V,L -V LT,

(5.16)

The detailed derivation can be found in the appendix 6.

Assuming that the inverter is operating under CCM condition, during 77, the inverter is

under operation mode 2 and the voltage across the inductor is V,-V,.. The current drop
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during this period is:

V-V, . V.-V
Alpy = =0Ty S=¢—=2 Ty, ;. (5.17)

T7 changes over the time, however, it never exceeds Ty, 7.
The following inequation is a sufficient condition to avoid the DCM condition,

Ii lc lo
2 I 0+7 ( )

However, this is not very straightforward way to design the inductor, because the
capacitor voltage needed in the equation is inductance related too. A simple try and
error procedure has to be followed in the design: start from the initial inductance value
from design process provided in chapter 4, for a given load and operation condition,

calculate the capacitor voltage V. according to (5.9). With the resulted V., one can

calculate L and Al,, from (5.16) and (5.17), and check whether (5.18) is met. One
2
needs to increase the inductance and go through the process again if (5.18) is not met.

5.5. Simulation and Experimental Verifications

To verify the analysis, simulation of the Z-source inverter with L=50uH, V,=100V,
f=10kHz, f=60Hz (output frequency), Z=10Q+1mH per phase Y connection under
maximum constant boost control with third harmonic injection and modulation index of
0.9 is performed. This circuit operates in CCM condition under these parameters. The
simulation results are shown in Figure 5.5 (a) and (b). Experimental results with the
same set up are shown in Figure 5.6 (a) and (b). In both cases, the output line to line

voltage, V4, is the voltage across the load resistors. Comparison of simulation results
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and calculated value of the capacitor voltage at different modulation indices is shown in
Figure 5.7. From the simulation and experimental results, we can see that the inductor
current stays constant while the dc bus voltage across the inverter bridge decreases to the
capacitor voltage in some period, which clearly demonstrates the new operation mode,
Mode 3. Also, the analysis results meet the simulation and experimental results very well
in terms of voltage boost. The actual operation of the circuit is more complicated than
the CCM condition analyzed above because of the inverter current variation over a whole
line cycle. However, as from Figure 5.7, the simplified analysis also provides quite

accurate estimation of the real performance.

Figure 5.7 also shows that the circuit characteristics of the CCM conditions is quite
different from that of simple operation condition, the voltage boost effect of CCM
condition is significantly higher than the simple operation condition with the same

modulation index and the same control method.

5.6. Method to Eliminate the Unwanted Operation Modes

From the above analysis, by proper design of the Z-source network and proper control,
one can avoid the operation Mode 3 to Mode 5 to certain degree in time of unwanted, e.g.
avoid the DCM condition. However, it is impossible to completely avoid these modes
with the configuration shown in Figure 1. Figure 8 shows a configuration where the
input diode is replaced by a switch, by using this configuration, the inverter is able to
completely avoid the unwanted operation modes by turning on the switch S during all
active states and traditional zero states. Further more, this configuration provides the

circuit bi-directional power flow function.
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Figure 5.5. Simulation results when operating at CCM condition.
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5.7. Summary

Analysis of the Z-source inverter with small inductance or low power factor is given.
Three new operation modes are discussed. It is noted that with a small inductor in the
Z-source and low load power factor, there can be very different operation conditions.
Circuit operation conditions under traditional SVPWM control and maximum constant
boost control with third harmonic injection are both analyzed. The paper also analyzed
the Z-source inverter performance with small inductor under maximum constant boost
control with third harmonic injection as an example, and provided the capacitor voltage,
output voltage and voltage stress —voltage gain relationship. The analysis is verified by

simulation and experimental results.

It is note worthy to mention that the circuit can have different combination and sequence
of operation modes with different control methods and different circuit parameters, which
yields different circuit characteristics. However the analysis method and the detailed
derivation method for the equations in the appendices can also be applied to analyze the
circuit these conditions. A simple method to totally eliminate the new operation modes
by replacing the diode with a switch is proposed as an option. This configuration also

provides bi-directional power flow ability.
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CHAPTER 6 Application and Control
of Z-Source Inverter for Traction Drive
of Fuel Cell — Battery Hybrid Electric

Vehicles

6.1. Introduction

6.1.1 Fuel Cell-Battery Hybrid Vehicles

Fuel cells (FCs) have achieved global attention as an alternative power source for hybrid
electric vehicles (HEVs) [82]. Fuel cell vehicles (FCVs), are being developed by auto
manufacturers [83-88], and have generated interest among industry, environmentalists,
and consumers. A FCV promises the air quality benefits of a battery-powered electric
vehicle, with the driving range and convenience of a conventional internal combustion

engine vehicle.

Because of its nature, a fuel cell prefers to be operated under constant power to prolong
its lifetime and increase the efficiency. However, the traction power the vehicle
demands is ever changing. To balance the difference of these two and also to handle the
regenerative energy, a battery is often used as an energy storage device in FCVs, which
forms a Fuel Cell-battery Hybrid Electric Vehicle (FCHEV). Therefore, basically the

traction drive system of a FCHEV consists of a fuel cell stack, a battery pack, a controller
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(power inverter), and a traction motor. The main source of the vehicle’s power is the
fuel cell. The secondary power source is the battery, which also stores excess energy
from the fuel cell, and from regenerative braking. The four utilized operating modes

and the power flow diagrams are outlined in the followihg.
Mode 1, medium power (Figure 6.1)

Under medium power, the vehicle traction motor only receives power from the fuel cell.

The fuel cell can also provide power to the battery if its state of charge (SOC) is low.
Mode 2, high power (Figure 6.2)

During acceleration, or uphill driving, both the fuel cell and the battery provide power to
the traction motor. The battery speeds up the vehicle’s response time for a request of
acceleration, because the fuel cell typically has a slow response time. This also allows the

fuel cell to maintain a safe and efficient operating point.
Mode 3, low power (Figure 6.3)

Because of the parasitic loads, such as the air compressor, associated with the fuel cell,
the fuel cell system efficiency decreases when operated under low power [85]. Thus the
vehicle will be operated strictly as a battery powered electric vehicle under low power by

turning off the fuel cell stack.
Mode 4, regenerative braking (Figure 6.4)

During regenerative braking, the fuel cell produces no power, and the electric motor acts
as a generator, using the wheels to apply torque to the motor to generate electrical power,
this torque in turn slows the vehicle down. The electrical energy generated during

regenerative braking is stored in the battery until needed.
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It is important to mention that in any of the operating modes, if the SOC of the battery

becomes too low, the fuel cell will provide power to charge the battery.
6.1.2. Fuel Cell and Battery Characteristics

Although there are many complex subsystems and parasitic loads associated with a fuel
cell, we are mainly concerned with the voltage and current. The fuel cell’s voltage (and
power) is determined by two main factors. First the rate at which hydrogen flows through
the fuel cell establishes the level of the V-I polarization curve. Second the amount of
current drawn by the inverter determines the point on this curve where the fuel cell will
operate. Thus, by controlling the amount of current drawn by the inverter, the fuel cell
power can be controlled for given hydrogen flow rate. The typical steady state V-I
polarization curve of the fuel cell is shown in Figure 6.5. As can be seen from Figure
6.5, the output voltage of the fuel cell is heavily dependent on the load current as so does

the power.
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Figure 6.5. Typical fuel cell polarization curve.

On the other hand, the output voltage of a battery is relatively less current dependent
because of much smaller internal resistance. The voltage of a battery changes with the
SOC of the battery. A typical curve of voltage versus SOC of a 330 V lithium-ion

battery is shown in Figure 6.6.
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Figure 6.6. Typical lithium-ion battery voltage versus SOC.
6.1.3 Traditional power conditioner configurations
As can be seen from above analysis, the power inverter is the key component in the

system to handle all power flow control. The inverter in FCHEV has to output the
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requested power to the traction motor, capture excess power from the fuel cell, and to
absorb energy from regenerative braking. There are typically two configurations
available for this application shown in Figure 6.7. The FCHEV using the conventional
inverter (Figure 6.7 (a)) must use a bi-directional dc-dé converter to control the SOC of
the battery, because the modulation index is the inverter’s only control freedom. Also, the
conventional inverter is a buck (step-down) inverter, the output ac voltage is limited
below the fuel cell voltage. Because of the wide voltage range of the fuel cell, the
conventional inverter imposes high stresses to the switching devices. The dc-dc boosted
inverter (Figure 6.7(b)) can reduce these stresses, at the price of higher cost and
complexity. The dc-dc boost converter is used to boost (step-up) the voltage from the fuel
cell, to a steady dc bus voltage, and the inverter’s output ac voltage is controlled by the
modulation index. The system configuration using the dc-dc boosted inverter typically

uses a bi-directional dc-dc converter to control the SOC of a low voltage battery [83].
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(b) System configuration using a DC-DC boosted inverter

Figure 6.7. Traditional configurations of FCVs.
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Both configurations use an inverter bridge and at least one dc/dc converter, which

increases the cost and system complexity and reduces the system reliability.

In this chapter, several configurations of fuel cell-battery hybrid vehicles using the
Z-source inverter will be presented, the control strategy will be discussed. The
undesirable operation modes will be eliminated by control. A simple comparison of

these configurations will be provided.

6.2. Configurations and Control of Z-source Inverter for

FCHEVs

6.2.1 Configurations

With two control freedoms: shoot-through duty cycle and modulation index, it is possible
to use the Z-source inverter in fuel cell-battery hybrid vehicles. Three possible

configurations are shown in Figure 6.8.
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(a) Configuration with battery connected in parallel with one of the capacitors

124



DI L

/
N CCRTERE
fuel At Cl /
cell Vo 4 Ve
stack| T _ Dés c2 _Z@

-

1

—{ Bair [ 4.,
De/de = catery

(b) Configuration using a dc/dc converter to interface the capacitor and battery

Machine

Fuel | .
Cel T_ b
Stack?

Battery

(c) Configuration connecting the battery to the neutral point of the machine
Figure 6.8. Configurations of Z-source inverter for FCHEV.

For the first configuration, the capacitor voltage becomes the battery voltage. In the
second configuration, the capacitor voltage is controlled by the dc/dc converter
interfacing the battery. For the third configuration, the inverter bridge also serves as a
dc/dc converter interfacing the capacitor and the battery. With the PWM scheme shown
in Figure 6.9, where V), and V, control the shoot through duty ratio, and the three
reference signals are shifted from the center by V;. The voltage relationship between the
capacitor and the battery under this PWM method can be derived as:

y _ 20-Dp)

- Vs, 6.1
““1-Dy-¥, ° ©D
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where ¥, is the capacitor voltage, V}, is the battery voltage, Dy is the shoot through duty
ratio. Therefore, the capacitor voltage can also be controlled by the battery and shift of

the reference signals.

A

Figure 6.9. PWM scheme for the third configuration.
6.2.2 Control of the Inverter

From above discussion, the capacitor voltages of all three configurations are all
controlled and we still have two other freedoms: modulation index and shoot through

duty ratio, to control output power and battery state of charge.

In this system, there are three power sources/consumers: fuel cell, battery, and the motor,
as long as we can control the power flow of two of them, the third element automatically
matches the power difference. For Z-source inverter, the relationship of the capacitor

voltage and the input voltage is:

1- Dy
=— Oy, 6.2
¢ 1-2Dy ° ©2)

where Dy is the shoot through duty ratio, V, is the fuel cell voltage, V. is the voltage

across the capacitor in Z-source network. From above analysis, the capacitor voltage V.
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is controlled by the battery and/or other circuitry, thus, the fuel cell voltage is controlled

to be

y -1=2Dy
1- Dy

v,. 63)

For given hydrogen and air flow rates, the V-I characteristic of the fuel cell is determined.
As a result, the fuel cell voltage determines the output current and power of the fuel cell.
Figure 6.10 shows the V-I curve of a typical 30kW fuel cell, with the controlled fuel cell

voltage, V,, the shaded area illustrates the output power of the fuel cell.

At the same time, the output power can be controlled by manipulating the modulation
index to produce the desired output voltage. The output peak phase voltage of the

inverter is

. M

V phase =@V =Vo)* = (6.4)

where M is the modulation index defined as the ratio of the magnitude of the reference

waveform and the triangular waveform in traditional SPWM.

The output power can be expressed as

3 A
Py 'Lf VphaseI ’ (6.5)

ut=ﬁ

where / is the rms load current and pf’is the load power factor.

Therefore the system is able to control the fuel cell output power and the output power to

the motor at the same time, as a result, the power charging the battery is

Py=V,I,— P,y (6.6)
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Thus we are able to control the SOC of the battery and drive the vehicle at the same time.
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Figure 6.10. Power control of fuel cell by controlling the voltage.

The above method can be used to control the converter when the fuel cell is turned on.
When the vehicle is in low speed cruising mode and not much power is needed, the fuel
cell will be turned off and the vehicle becomes a full electrical vehicle. Under this
condition, the diode in parallel with the fuel cell bypasses the fuel cell. The equivalent

circuit is shown in 6.11.

Figure 6.11. Model of the Z-source network considering parasitic parameters when the

fuel cell is turned off.
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As discussed above, the capacitor voltage is controlled by the battery voltage, therefore,
the capacitor voltage is assumed to be V.. assuming the voltage across the diode when
conducting is ¥, and the voltage across the inverter bridge when conducting is V, the

voltage across the inductor L; during shoot through can be calculated by:
Vist =Ve —ip(Rp +Rc) = V5. (6.7)

With the similar method, we can calculate the inductor voltage during non-shoot through,

which is:
Vinst =—Vp —ip(Rp = Rc ) =Gy —i;)R, =i )Ry = Vp. (6.8)

Based on the average voltage across the inductor should be zero during steady state, for

shoot through duty ratio of Dy, the following equation should be met:
VistDo +Vipse(1-Dg) =0, (6.9)
from which, the average inductor current can be calculated by (6.10).
1

“Rc+R,
((2D0 —l)Vc +ic(Rb —RC)+iiRC +D0(icRC —iiRC _ZiCRb _icRL _Vs + VD)_ VD))

i *

(6.10)

From above analysis, the current through L1 and L2 can be controlled by adjusting shoot
through duty ratio around 50%. Because R¢ and R; are very small, the inductor current
will be very sensitive to the shoot through duty ratio. However, this can be easily

relieved by employing a simple current feed back control.

Analogous to the four vehicle operation modes shown in Figure 6.1, the inverter has

different operation methods too. For mode 1 and 2, the inverter operation is very
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similar: the fuel cell power is controlled by shoot through duty ratio, the output power is
controlled by the output voltage and current. The only difference is that the output
power is higher than the fuel cell power and the battery is being discharged in mode 2,
the fuel cell power can be slightly higher/lower than or equal to the output power to
charge/discharge or maintain the battery based on the battery SOC in mode 1. For mode
3, the fuel cell is turned off and the diode D2 bypasses the fuel cell. To maintain the
inductor current at certain level, the shoot through duty ratio has to be slightly higher than
50%, and the modulation index is still used to control the output voltage/power. For
mode 4, to maintain a certain inductor current, the shoot through duty ratio also has to be

around 50%, and the power is being charged back to the battery.
6.2.3. Simulation and experimental verification

To verify the above mentioned feature of the Z-source inverter for FCHEVs, three cases
are examined and simulated for the first configuration. In these cases the circuit
parameters are L1=L2=200pH, C1=400pF, C2 has been replaced (or connected in
parallel) with a 6.5Ah lithium-ion battery with a nominal voltage of 330V, switching
frequency of 10 kHz, and using constant boost control with third harmonic injection.
The characteristics of the battery and fuel cell are shown in Figure 6.6 and Figure 6.10.
An RL load is used in the simulation. The legends in the simulation results can be

found in Figure 6.15.
Case 1

The fuel cell voltage is kept constant at 300V (P=30kW), and the load power is varied
from 30kW, to 55kW, to 5kW, back to 30kW. As one would expect the battery SOC
should remain constant while the load is at 30kW (Pin=Pout). When the load is increased
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to S5kW (Pin<Pout) the battery should supply the additional power requested by the load,
thus the SOC will decrease. When the load is decreased to SkW (Pin>Pout) the additional

power provided by the fuel cell will charge the battery, increasing the SOC.

These results are verified by simulation, Figure 6.12, starting from the top, the fuel cell
voltage is constant, and the fuel cell current is fairly constant. Next are the battery voltage,
SOC, load voltage, load current, and load power. Initially the load absorbs 30kW, and the
SOC stays constant. The load is then increased to 55kW and the SOC decreases. Next the
load is decreased to 5kW, and the SOC increases. Finally the load is returned to 30kW

and the SOC remains constant.

This simulation shows that we can operate the fuel cell at an efficient operating point,
while the battery handles the load dynamics. This also verifies the Z-source inverter can

be used to provide the medium, and high power operating modes.
Case 2

The load power is kept constant at 30kW, and the fuel cell power is varied between
30kW, 50kW, 20kW. Again the battery SOC should remain constant while the fuel cell is
producing 30kW. The battery will be charged when the fuel cell power is increased to
50kW (Pin>Pout), increasing the SOC. When the fuel cell power is decreased to 20kW
(Pin<Pout), the battery will supply the additional power requested by the load, decreasing

the SOC.

This can be verified in Figure 6.13. Starting from the bottom, the load power, current,
and voltage are constant, where the power is at approximately 30kW. Next are the

battery SOC, battery voltage, fuel cell current, and fuel cell voltage. Initially the fuel cell
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produces 30kW, and the SOC stays constant. Then the fuel cell power is increased to
50kW and the SOC increases. Again the fuel cell produces 30kW, and the SOC stays
constant. Next the fuel cell power is decreased to 20kW, and the SOC decreases. Finally,
the fuel cell again produces 30kW, and the SOC stayé constant. Case 2 shows that we

can control the fuel cell power, thus controlling the battery SOC.
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Figure 6.12. Simulation case 1.
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Figure 6.13. Simulation case 2.
Case 3

The fuel cell operation is stopped, and the load power is varied from SkW, to 20kW. As
one would expect the battery SOC should decrease. When the fuel cell is turned off, D2
provides a current path for any possible current. These results are verified by simulation
as seen in Figure 6.14, starting from the top, the fuel cell power is zero. Next are the
battery voltage, SOC, load voltage, load current, and load power. Initially the load
absorbs 5kW, and the SOC decreases slowly. The load is then increased to 20kW and the
SOC decreases more rapidly. Case 3 verifies that the vehicle can be operated without

using the fuel cell, strictly as an electric vehicle, as in the low power mode. This also
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demonstrates the ability of the inverter to capture power during regenerative braking,

when the fuel cell is also turned off and the output voltage and current is out of phase.
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Figure 6.14. Simulation case 3.

A 10kW scaled down prototype has been constructed with the first configuration as

shown in Figure 6.15.

The battery used in the experiment is a 201V/6.5Ah NiMH

battery used in Toyota Prius HEV. The circuit parameters are L/=L2=1mH,

CI1=C2=1.3mF, Ri0a=5R, Licas=1mH, switching frequency of 10 kHz, and using

constant boost control with third harmonic injection, a RL load is used. The fuel cell was

replicated by a 210V dc voltage source in series with a 1.35Q resistor (Vin=210V,

R=1.35 Q) to mimic the current dependent output voltage characteristic of the fuel cell, a

capacitor of 1mF is connected in parallel with the “fuel cell”.
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Figure 6.15. Experimental setup.

In the case 1 experiment, the load power is varied from 1.5kW (M=0.626, Dy=0.065) to
2kW (M=0.73, D¢=0.061) to 3kW (M=0.91, Dy=0.054) back to 2kW. The fuel cell power
is designed to 2kW constant. The experimental result is shown in Figure 6.16. As
from the results, the load current changes as desired, the fuel cell voltage, V,, and the fuel
cell current, /,, are quite constant, and the fuel cell power is about 2kW. The battery
voltage is also pretty constant as it supposed to be. The battery current changes to meet
the power difference of the load power and the fuel cell power: when the load power is
1.5k W, the battery is charged; when the load power is 2kW, the average battery current is
about 0; when the load current is 3kW, the battery is being discharged. Figure 6.16

shows that the battery can be used to handle the load dynamics.
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Figure 6.16. Experimental results for case 1.

In the case 2, the load is designed to 2kW constant. The fuel cell power is varied from
1.5kW (M=0.756, D¢=0.037) to 2kW (M=0.73, Dy=0.061) to 3kW (M=0.694, D=0.1)
back to 2kW. The experimental result is shown in Figure 6.17. As from the results,
the load current is constant, the fuel cell voltage and fuel cell current changes, which
changes the fuel cell output power as desired. Also the battery current changes to

compensate the power difference between the load and the fuel cell power.
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Figure 6.17. Experimental results for case 2.

Figure 6.18. Experimental results for case 3.

In case 3, the fuel cell is disconnected, the battery is the only power source powering the
load. Shoot through duty ratio of around 50% is used to control the inductor current.

The experimental result is shown in Figure 6.18. The load current is pure sinusoidal.
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As from the experimental results, the battery is being discharged and the load power is

2.4kW.

In practical application, the battery can only be charged when it is not fully charged, a
battery management system is necessary to estimate the state of charge of the battery and
feed back to the system to control the fuel cell power. Also, the fuel flow rate should be
controlled based on the required system power. There can be several different possible
controller configurations. Figure 6.19 shows one of the possible configurations. In
this system, the required power is given by the vehicle controller, and battery voltage is
measured to estimate the state of charge. With these information, the system
coordinator calculates the amount of energy that should be charged/discharged and
provide the corresponding shoot through duty ratio to the motor drive controller, also the
amount of power that should be supplied by the fuel cell is calculated and sent to the fuel

cell controller to regulate the fuel flow rate.

Fuel cell power System |.Shoot through duty ratio
coordinator
Power Battery

command j information otor motor current &
Fuel cell Vehicle Battery SO Drive torque command
controller controller estimator
1 4 |||||| Gate signals
I e DY
rere

Accessory J

loads i{ Q
- 2;
N L

_I_ J

Hydrogen input

J J

Figure 6.19. Z-source inverter based fuel cell converter control system.
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6.3. Undesirable Operation Modes and Control to

Eliminate Them

6.3.1 Undesirable Operation Modes Without Control

As from the previous chapter, when the load power factor, modulation index, and the
inductance of the inductors are low, there could be undesirable operation modes.
However, in these systems with batteries, the capacitor voltage is controlled by the
battery voltage, therefore the voltage stress is limited. Simulation is performed with
configuration 3 to examine the effect of undesirable modes. In this simulation, a RL
load is used with L;,,,=3mH; R=0.4936Q2 at 60Hz, which yields power factor of 0.4, the
parameters of the LC network are L=100uH, C=1mF, the fuel cell is modeled with a
voltage source of 290 V with a 0.67 Q resistor in series, the battery is at nominal voltage
of 160 V and internal resistance of 0.45 Q, modulation index of 0.3 and shoot through

duty ratio of 0.18 are used. Figure 6.20 shows the simulation results.

As from the simulation results, the inverter outputs a perfect sinusoidal current, the
voltage across the inverter bridge is well limited. The battery is being charged and there
is only very little undesirable operation modes. Therefore, when a battery is used in the
system, the undesirable operation modes are not severe problems. However, the

undesirable operation modes can also be totally eliminated with a little additional control.
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differences for the three configurations.

Take configuration 1 for an example, assuming
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Figure 6.20. Simulation results of configuration 3 with battery connected to the neutral

6.3.2 Control Method to Eliminate the Undesirable Operation Modes

Basically, the critical condition for undesirable operation modes to happen is when sum
of the two inductor currents is less than the current to the inverter bridge.

the inductor current can be increased by charging the battery. There are some slight

for a given fuel cell load current I, the fuel cell output voltage, ¥, can be expressed as

With a battery,



Vo=rUy). (6.11)

From eq. (6.3), one can control the fuel cell voltage, so as to control the fuel cell current.
The fuel cell voltage is determined by (6.3), therefore, the fuel cell output current, /; and

power, Py, can be calculated by
Ir=1"'0) 6.12)
Pr=1sVy. (6.13)

The average current through the inductor L1 equals to the fuel cell output current.
Assuming the output power of the inverter is P, then the power being charged to the

battery is PP, as a result, the average battery current iy is

Pr-P
ip = (6.14)
Vb
The average current through L2 is
iy =i —ip =if—-ib (6.15)

Therefore, by controlling the shoot through duty ratio, one can control i;; and i;,, and the
battery charging/discharging current. Also, this can also be used to eliminate the
unwanted operation modes when the load power factor and/or modulation index is low.
As from (1), the unwanted operation modes will only appear when I;,+1;,<I;, One can
increase the shoot through duty ratio, Dy, to reduce the fuel cell output voltage and
increase the fuel cell output current, thus increasing i;;+i;;. At the same time, the
inverter output voltage can be controlled by manipulating the modulation index from

(6.4). As aresult, the fuel cell output power is increased to be higher than the load
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power and the battery will be charged during the operation. ~ For example, the initial
operating point is (I, Vy) in Figure 6.21, by increasing the shoot through duty ratio, the
fuel cell operating point moves to (I3, ¥;) assuming the battery voltage is almost
constant. Thus the inductor current, /;;, whose averﬁge equals to fuel cell current,
increases, and so does I;;+1;;. At the same time, by controlling the modulation index,
the output voltage is maintained and so is the output current. Thus the sum of the two
inductor currents can be higher than the load peak current to avoid the unwanted

operation modes.

42 :
: (1, Vi) f
336 I,V U Vip
5 252t ' ’
s
’; 1681
821 ‘ |
00 1, }
0.0 100 200 300
Current (A)

Figure 6.21. Fuel cell V-I characteristics.

In the above discussion, the method to eliminate the undesirable operation modes when
the fuel cell is turned on is presented. When the fuel cell is turned off, the inductor
current can be controlled from (6.10), therefore the undesirable operation modes can also

be eliminated.
6.3.3 Experimental Verification of the Control Method

To demonstrate the effectiveness of the proposed control, experiments are carried out

based on the setup shown in Figure 6.22.  In this setup, L1=L2=1mH, C1=C2=1320uF,
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a NiMH battery with nominal voltage of =201V is connected in parallel with C1. To
mimic the characteristic of a fuel cell stack, a voltage source of V;,~225V connected in
series with a resistor of 0.9Q is used, a capacitor of 1mF is connected in parallel with the

fuel cell simulator.

O+

Lioad Ruioad

R + . T 0 Wy
Ly, / N AL =g 19"

Vi - +—T0 W

Figure 6.22. Experimental setup.

As analyzed in chapter 5, the unwanted operation modes are most likely to happen under
low modulation index and low power factor. Therefore, two sets of experiments were

set up to confirm the ability to eliminate the unwanted modes under these conditions:

1) Low power factor, and low output current. The fuel cell is on, and the battery is
being charged to increase the inductor current to eliminate the undesirable operation
modes. This operation condition is similar to low speed cruising for induction machine
based vehicles. In the experiment, an extreme case is used: a pure inductive load of
2mH per phase, and very low modulation index of M=0.1 with the fundamental
frequency of 60Hz. Because the battery is connected in parallel with the fuel cell
through a inductor and a diode, the output voltage of the fuel cell can not be higher than

the battery, thus the minimum output current of the fuel cell is more than 20 A assuming
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the battery is 201V. With this low load current condition, the minimum fuel cell current
is enough to prevent the unwanted modes from happening. Therefore, in this case, no

shoot through is introduced.  The experimental result is shown in Figure 6.23.

VB: 50V/div
°* Vo: 50V/div
VPN: 100V/div

‘us _me-i

IL: 10A/div :

Figure 6.23. Experimental result of case 1.

As from the experimental results, the output current is a pure sinusoidal waveform and
Vpy is a constant dc voltage that equals to the battery voltage and fuel cell voltage, which
clearly shows that only operation modes (a) and (b) appeared. Also, the battery is being

charged

2) In the second case, the load power factor is relatively high and the load current is
high too, and the load voltage is still low, thus the modulation index is low. This
operation is trying to mimic the low speed acceleration mode, where speed is still low
and load torque is high so the load voltage is low and load current is high with high
power factor. In this experiment, the load is 2mH+1.2Q per phase at 60 Hz. The fuel
cell is on, to take more current out of the fuel cell, shoot through duty ratio of 0.09 is used,

and modulation index of 0.34 is used. The experimental results are shown in Figure
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Figure 6.24. Experimental results for case 2.
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From the experimental results, the battery is being charged to produce more inductor
current to eliminate the unwanted operation modes. The PN voltage clearly shows that

only mode (a) and (b) appeared. Pure sinusoidal output current is achieved.

The experimental result when the fuel cell is turned off is shown in Figure 6.18. As can

be seen from the result, there are no undesirable operation modes.
6.4. Comparison of the Three Configurations

All of these configurations can be used in fuel cell hybrid vehicles. Each configuration
has its own pros. and cons.. In this section, two main factors are considered for purpose
of comparison: the cost and output voltage range. In order to make a fair comparison,

the maximum allowable voltage stress across the inverter bridge is assumed to be Vinerser-
6.4.1 Configuration 1

For this configuration, there are two control freedoms, the shoot through duty ratio and
the modulation index. The capacitor voltage equals to the battery voltage, V;, the
maximum voltage stress across the inverter bridge is 27}, when the fuel cell is turned off.
Therefore, for a given allowable inverter bridge voltage stress, the battery voltage is
limited to 0.5V pyerer. For a shoot through duty ratio of D, the fuel cell voltage is:

- (l - 2D)Vinverter

14
0 2-2D

(6.16)

Using maximum constant boost control, the maximum modulation index available for

shoot through duty ratio of D is

y=21-D) (6.17)

S
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The available output phase peak voltage becomes

_ Vinverter

1 1
Vout =5M(2‘§Vinverter ’Vo)—z_ﬁ_- (6-18)

This is the available output voltage when the fuel cell is turned on. When the fuel cell is
turned off, the shoot through duty ratio is 0.5, which is also covered in the above

equation.

The cost of this configuration is low because there is no extra component required.
6.4.2 Configuration 2

In the second configuration, an extra dc/dc converter is used to interface the battery and
the capacitor. Thus the capacitor voltage can be controlled independently without using
the two freedoms of the Z-source inverter. Therefore, the voltage across the inverter
bridge can always be controlled to its maximum limit by the dc/dc converter. Asa

result, the obtainable output voltage for a given shoot through duty ratio becomes

1 (1-D)¥;
Vout = ‘Z'MVinverler = inverier s (6.19)

V3

which is higher than the previous case. This also includes the condition when the fuel
cell is turned off and the shoot through duty ratio becomes 0.5, which is the same as the

previous case.

With an extra dc/dc converter, the cost of the inverter system is increased.
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6.4.3 Configuration 3

With the battery connected to the neutral point of the machine, the inverter has an extra
control freedom: the shift of the reference signals, however, this freedom is related to the

shoot through duty ratio and the modulation index.

To maximize the available output voltage, we choose the pn voltage to be the maximum
value that the IGBT module can handle, Vj,err, the fuel cell voltage should be

41- D)V,

Vo = 2Vc - Vinverter = 1-D—V —Vinverter -
s

(6.20)

To get this relationship of the capacitor voltage and fuel cell voltage, the shoot through

duty ratio should be

_1____ 2(-Dyy
(1 -D- Vs )Vinverter

(6.21)

Therefore the shift of the reference can be expressed as a function of the battery voltage
and the shoot through duty ratio in order to keep the inverter bridge voltage to its

allowable level:

y = W

+1-D (6.22)

Vinvert er

Assume that the maximum constant boost control is used, the available modulation index

under this condition is

20-D-sh _ 2
V3 V3

2V,

). (6.23)

(]—D—II—D-—

inverter

Thus the available output voltage is
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! il

2W,
Vout = =M *Vipyorter =—=(1-D—[l- D -
out 2 inverter (_‘3 ( |

)*Vinverter (6.24)

inverter

Therefore, the available output voltage is related to the shoot through duty ratio as well as
the battery voltage. In general, the voltage range is Eetween the first two configurations.
For this configuration, there is no extra dc/dc converter is needed. However, there
might be some dc current flowing through the machine, which increases the motor copper

loss, therefore the machine needs to be oversized a little bit.
6.4.4 Comparison Summary

From all above discussion, a summary of the comparison is given in the Table 6.1.

Table.6.1. Comparison of different configurations

Configurations Battery Voltage Output voltage Cost
range
1 High Small Low
2 Low ~ High Wide High
3 Medium Medium Medium

The battery voltage is included here because it is also a consideration for safety issues.
6.5 Summary

In this chapter, three configurations of fuel cell-battery hybrid vehicles using the
Z-source inverter are presented. Basic control methods are described. It is shown that

with a battery in the system, the effect of the undesirable operation modes can be
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minimized. A control method to totally eliminate the undesirable operation modes is

also presented. A simple comparison between the three configurations is provided.
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CHAPTER 7 Conclusions and

Recommendations

7.1 Contributions

This work has the following contributions:

. Three PWM methods are proposed to achieve simple boost, maximum boost, and
maximum constant boost respectively. A modified PWM is also proposed to reduce the
switching losses. A comparison with an commonly adopted PWM method shows that

the modified PWM method can reduce the switching loss significantly.

. A small signal model for the Z-source inverter is developed, based on this model a
closed loop controller is also designed using gain scheduling method. The validity of

the model and the controller are verified with simulation/experimental results.

. A comprehensive comparison of the Z-source inverter and traditional inverters for
fuel cell vehicle application is conducted. The comparison uses switching device power,
passive components requirement, constant power speed ratio, reliability, and inerter
efficiency as bench marks. The comparison shows that the Z-source inverter is very

promising for applications with low boost ratio.

. Three new operation modes of the Z-source inverter are found and analyzed in

detail. The critical condition and consequences when they happen are presented.

. Three configurations of the Z-source inverter for fuel cell-battery hybrid vehicle
applications are proposed with the basic control methods. The effect of undesirable
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operation modes is minimized in these configurations. Also control methods are

proposed to eliminate the undesirable operation modes.
7.2 Recommendations for future works

The modified PWM method proposed in this work reduces the switching loss, but also
requires a relatively larger inductor. Further work should be done on the PWM scheme
to see if it is possible to double the frequency on the inductor, keeping the switching loss

within a reasonable amount, so that the inductor size can be reduced significantly.

The controller designed in this work is for a RL load, further work should be done to
design the controller for motor load. The load comes into the picture of the whole
system, a comprehensive model of the motor is also needed. Another future job in
designing the controller is to consider the limit of the two control freedoms and its effect

on the system stability and transient response.

In this work, only the voltage fed Z-source inverter is considered. As a counterpart, the

current fed Z-source inverter should also be studied.
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APPENDIX 1 Switching Device Power

Derivation

a. Traditional PWM Inverter

For the traditional PWM inverter, the output phase RMS voltage at peak power is

V.
V. o=—di_M. Al.l
Pa2 (ALl

With motor power factor of cos¢, the output line RMS current is

Fo

=" Al.2
P 3cos¢Vp ( )

Because the line current is evenly shared by two switches in a line cycle, the average

current through each switch is:

I, = Fo ﬁ*i _ A (A1.3)
3cos@V; /(2\[2—)M

27 3cosgViaM |

The maximum voltage stress of the switches occurs when the output power is zero, and

the fuel cell voltage reaches its maximum value, which is
Vs =Vmax - (Al.4)

The total average switching device power of the circuit can be derived based on its

definition by

8Vmax PO

SDP), , =6*V *I_ = .
( Jav §ooa cos pV;7M

(A1.5)
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The peak current through the switches is the peak line current, from (A1.2),

4P,
=21, =—"02 Al.6
pk P 3cos¢VM ( )

The total peak switching device power of the traditional PWM inverter is

_ 8V max o

SDP) py =6*Vs * I
( ok = cos¢V,M

(A1.7)

b. dc/dc Boosted PWM Inverter

For the switch in the boost converter, treating the switch and the diode as a switching cell,
the maximum voltage it sustains is Vpc, based on power balance, the average current

through it during maximum power is
P
I, =-2. Al.8

The average switching device power of the dc/dc converter is the product of the current

and voltage, which is

(SDP) pcav =22 Ve (A19)

i
Assume the current through the inductor in the boost converter is constant, the peak

current through the switch is the same as the average current. The peak switching

device power is

(SDP) pcp = % *Vpe. (A1.10)

i

The voltage stress of the inverter switches is Vpc The RMS phase voltage at
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modulation index of M is

VpeM
V, =———. (Al.11)
P2
The RMS line current under load power factor of cos ¥ is:
P
I, = — (A1.12)
3V, cosp
The average current through switches under maximum power is
I,V2 4P
P
aviny = = 2 (A1.13)

T 3cosoVpenM

The average switching device power of the system is the sum of SDP of the dc/dc

converter and the inverter, which is

8P P
(SDP) gy = 6*Vpc * I gyiny + (SDP) pegy = —2>—+—"*Vpc (Al.14)
cospnM  V;
The peak switch current of the inverter is
4P
I pimy =21y = ——2——. AL.15
phiny P 3cos oVpcM ( )

The peak switching device power of the system is the sum of the SDP of the dc/dc

converter and the inverter

8P0 +-P£*VDc. (A1.16)
cospM V;

(SDP)pk =6* VDC * kainv + (SDP)DCpk =

c. Z-Source Inverter
For the Z source inverter, the current through the inverter switches consists of two
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elements, one is the current to the load and the other is the current through them during
the shoot through state. Because of the symmetrical structure of the inverter, the current
during shoot through in terms of average is evenly distributed in three parallel paths.
The current through the inverter during shoot throﬁgh is twice of the inductor current.

Therefore, the average current value in shoot through period through each switch is

2
IavsszglL’ (ALIT)

where I, is the inductor current. From the input end, the average current through the
diode is equal to the sum of the average current through inductor L, and capacitor C;. In
steady state, the average current through the capacitor is zero, the average current through
the inductor equals to that of the diode. The output power of the fuel cell stack under
maximum power is P,, therefore, the average current through the diode as well as the

inductor is:

Iy=1,=Te. (A1.18)

i
While in traditional switching states, the average current is the same as a conventional

PWM inverter, therefore the overall average current through inverter switches is the sum

of the current in both states, which is

2, o, V2B 4 Toy 2, . To Mo Ty (AL19)

I =
s 3L T T3 cospr s T, 3L T, 3WcospnM T,

where Ty is the shoot through period in a switching cycle T, V, is the RMS output phase

voltage. With the maximum constant boost control, Tj and ¥, can be expressed as
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T, =[1—§ )Ts. (A1.20)

MV
yoo_M Vi (A1.21)
°" M -12J2

Voltage stress of the inverter switches with constant boost control under modulation

index of M is

V.
Vi =BV;=———. (A1.22)
RN Y VS
The average switching device power of the inverter is
SDP),, =61, V. =41,y — T g P (| To)_ 2PQ2-V3M) 435,
T,(3M-1) cospnM | T (V3M-=1)  cospn
(A1.23)

The peak current through the switches occurs during shoot through. To calculate the
peak current through the switches, we assume that when the switches are on they are pure

resistors with the same resistance, which is shown in Figure A.1.

21
T,

I
S1
>
Isz Ib Ic
R R R

Figure A.1. Inverter model during shoot through

Based on this model and voltage balance of three paths, we can have the following
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equations

I +1g =§1L, (A1.24)

Ig -1 =1, (A1.25)
where /, is the phase a load current. From which we can get
1 2
IS|='2_IG+§1L' (A].26)
The peak current through the switch S1 occurs when the line current of phase A is at its
peak, which is

V2R, 4R, (A1.27)
3cospV, 3cospMBV;

T =

Thus the peak switch current is

]pk=__f‘_P0__+Z]L=.;P0__+& (A1.28)
3cospMBV; 3 3cospMBYV; 3V;

The peak switching device power of the inverter is

v, 2P 1 4P, 4P, 4P,

SDP) i =61 Vs =6 -t = '
PP gk = ks =8 e 1 Y 23 cosoMBY, ~ Jabt -1 cosgM

(A1.29)
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APPENDIX 2 Passive Components

Requirement

a. dc/dc Boosted PWM Inverter

For the inductor in the boost converter, the current ripple can be calculated by the current

increase when the switch is on.

T, (A2.1)

where D is the duty cycle.
b. Z-Source Inverter

For the Z-source inverter, when the inverter is in a shoot through state, the voltage across
the inductor is the voltage across the capacitor. Therefore the current ripple of the

inductor can be calculated as

Al = KZ‘_TO , (A2.2)

where V. is the voltage across the capacitor C,

V. =ﬁ(l+B)=K’; V3M . (A2.3)
2 2 3M -1
and Ty is the shoot through duty ratio, which is
To=(1- %—3— M), (A2.4)
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where T} is the switching period.

We have

(A2.5)

Vi3M [ V3 }T.

=i -y
ULNIM - 2
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APPENDIX 3 Critical Condition of New

Modes Under SVPWM

In simple operation when only mode 1 and 2 occur, the inductor currents are pure dc.
The new modes only happen when the inductor current is less than half of the current to
the inverter bridge, i, From the circuit, it is obvious that the average inductor current in
the Z-source equals to the average input current. Based on the power balance, the

average inductor current can be calculated by
P
I, = 70 (A3.1)

For modulation index of M, load peak current of I, and power factor of cos¢, the

inductor current is
I, =—= 3 M ) A3.2
L__—Z cos@l . (A3.2)
The maximum current fed to the inverter bridge is

1, cosQ 2%
I, = | (A3.3)
1, cos(p— %) cos@ < 3

The new modes happen when 7, < %l As a result, the critical condition is

ipk *
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2 1
Mcosp <— CcosSQ > —
?<3 ?=3

M cosg < %COS((D - %) cosg < % (A34)

However, when costp<%, for Osws% and M<I1.15, the inequation is always true,

therefore the critical condition is reduced to M cos¢ <—§- .
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APPENDIX 4 Critical Condition of New
Modes Under Maximum Constant
Boost Control with Third Harmonic

Injection

Under maximum constant boost control with third harmonic injection, the shoot through
time, Ty, in one cycle is always constant. For simple operation condition, the inductor

current increases linearly during shoot through
and decreases linearly otherwise. The current ripple is

Tst Vc .

N
L=

(A4.1)

The average inductor current can be calculated by (A3.2), the minimum inductor current

with shoot through time of T, is

Ipmin =7"——0"77> (A4.2)

For modulation index of M in simple operation condition, the output phase rms voltage,

Vou, can be calculated by

MV,
V.. = 2 A43
out Zﬁ(ﬁM—l) ( )

The output power, P, can be expressed as
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osp(—=—2>—)’
po3 cosg = 2\3M -1) =3cos¢7( MV, .
\/5 out* pk 27 87 \/-BTM—I '

(A4.4)

Under this control method, the relationship of modulation index and shoot through period,

Tsh is

2 T,
M="=01-=3, A4.5
3( Ts) (A4.5)

NG

The new modes happen when the minimum inductor current is less than half of the

maximum current feeding to the inverter bridge expressed in (A3.3).

Put all these equations together, we can get the following critical condition:

,

3Mcosp \/57}, < 1

2Z(\3M-1) L Z
3Mcosg V3T

- "<lcos((o—£) cos¢<l
2z\3M-1) L Z 3 2

1

cosSQ 2 —
v=3

> (A4.6)
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APPENDIX 5§ Characteristic Analysis

of the Circuit Under CCM Condition

For the operating condition shown in Figure 5.4 (a), T, is an active state with operation

Mode 2 and T7,; is active state with operation Mode 3.

For a given control method and a

modulation index, Ty, Ty, and T, are already determined. To simplify the analysis,

assume Ty, Ty, Ta1, Taz, and T are constants throughout a whole line cycle, and T=T,

and the current to the inverter during active states, i;, is always a constant.

For the CCM

operation condition shown in Figure 5.4 (a) and voltage second balance of the inductor,

we have following equations

where [, is shown in Figure 5.4 (a).
In shoot-through state, the current to the inverter is

ii=2iL'

(AS.1)

(AS5.2)

(AS.3)

(AS.4)

In steady state, the capacitor voltage is constant, and the average current goes through the

capacitor is zero, therefore,
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1V i
1,Ty +Ty + T4 +Tal)+5—L"’—Ts,(Ts, +Ty+ T4 +T¢,,)+5'T(,2

(AS5.5)
V... 2 .
=2I,T + T st +Tq +Tp2)i;
Put all equations together and solve for /;, we have
2 2
. 2(VcVoTO+7Tst "Tst VcVo _T0+7TstVo ) (A5.6)

i; = .
" LTV, -2Ty,7LV, +2Ty,7V.L-V,LT,
The dc link voltage of the inverter during T,; is 2V,-V,, and V. during T,,, therefore, the

output phase rms voltage of the inverter can be calculated by:

_ (2Vc - VO )Tal + VcTa2 M
W2(Ty +T52)

(AS.7)

out

Based on the output voltage, we can calculate the average i; in active states from the load

side. The average current to the inverter during active state can be calculated as in

(AS.8).
z 4
3 ?ﬁV 1 sin(wt — @)[sin ot - sin(wt - 3 )]
I =— o (
”% z sin ot - sin(w? - %n) (AS5.8)

sin(wt — ¢ - 2 7)[sin(wt - 4 7) - sin(wt - 2 ) v
+ 3 3 3 )dt - out cos @
. . 2 Z
sin wt - sin(wt - 3 )

Putting (AS.7) into (AS.8), and equalizing (AS5.6) and (AS.8), one can get (A5.9). One
can solve (A5.9) to get capacitor voltage V. under this operating condition with
maximum constant boost control with third harmonic injection.

VeVoTo+7Ts _TstchVo _TO+7TSIV02 _ 0.455M cosg TV, — 270,47V +To 47V
LTV, 2Ty 7LV, + 2Ty, 7V L=V LT zZ T, -Ty —Ty,7

(A5.9)
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