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Abstract—Three-phase Z-source inverters provide a solution
of voltage boosting by a single-stage topology. They are also
capable of bi-directional operation as rectifiers, thus have great
potential for applications in the field of transportation
electrification such as Vehicle-to-Grid (V2G) chargers. In this
paper, three new modulation schemes for three-phase Z-source
converters are proposed and investigated. The best performed one
is further developed to a closed-loop PI control method. While the
voltage conversion ratio is flexible, the output voltage Total
Harmonics Distortion (THD) is below 3% within the voltage ratio
range of 0.5 to 2.5. The effectiveness of the proposed method has
been fully validated in MATLAB/Simulink simulations and RT-
LAB Hardware-In-Loop (HIL) experiments based on the real-
time simulator OPAL-RT OP4510. Compared to existing control
methods, the proposed one performs better with reduced
harmonics, flexible voltage gain, and simpler control algorithm.

Index Terms—Z-source converter, Bi-directional converter,
shoot-through states, voltage harmonics, closed-loop control.

I. INTRODUCTION

HERE is an increasing demand for advanced power
converters and their corresponding control algorithms in
the field of transportation electrification in general, and railway
electrification in specific [1]. Traditional full-bridge three-
phase inverter is a fundamental topology for energy
transformation between Direct Current (DC) voltage sources
such as vehicle batteries and three-phase Alternating Current
(AC) power grids, microgrids or loads. However, in the control
and operation of traditional full-bridge inverters, dead time
between the two switches in the same bridge is required to avoid
short-circuit failures [2]. The existence of dead time
unavoidably brings AC output waveform distortions.
Moreover, when there is a large difference in voltage level
between the output AC side and the input DC side, one more
DC-DC converter is often added in the inverter to regulate
output voltage level. This two-stage system configuration not
only decreases the efficiency but also weakens the dynamic
response of the system with regard to both disturbances in
environmental conditions and grid perturbations [3].
A Z-source inverter [4] and a quasi-Z-source inverter [5]
were proposed to overcome the above barriers of traditional
two-stage voltage-source inverters. As shown in Fig. 1, an X-

shape impedance network composed of two inductors Lz, Lz
and two capacitors Cz1, Cz, is combined in a traditional three-
phase full-bridge inverter [6]. Because of the existence of the
X-shape impedance network, it is possible to turn on the two
switches in one bridge simultaneously without short-circuited
the input voltage source [4]. Moreover, the Z-source inverters
take advantage of the shoot-through states ingeniously to
achieve voltage boosting without any additional switches or
control circuitry [7]. Therefore, the Z-source inverters could
achieve voltage buck and boosting by a single-stage topology
with high robust. The voltage level of different microgrids
could vary considerably, which makes the Z-source converters
more advantageous in the process of EV batteries’ feeding to
the grids. The Z-source inverter could also operate bi-
directionally, which is essential in V2G applications. The input
diode D; is connected in parallel with a switch S;. When switch
S is turned on, the Z-source inverter could operate as a
conventional three-phase PWM rectifier.

Because of the above-mentioned features, Z-source
converters have been widely investigated in areas of not only
EV charging [8] [9], but also EV motor drive [10][11], PV solar
energy system [12] [13], wireless energy transfer [14] [15] and
integration of microgrid [16] [17]. The increasing voltage gain
capability and modulation indexes of both rectifier and inverter
stages are advantages of three-phase Z-source converters [18].

Different approaches of applying bi-directional Z-source
inverters in V2G applications have been investigated [19] [20].
Paper [21] provided an overall introduction and comparison of
space vector modulation schemes for three-phase Z-source
inverters. Besides the basic Z-source impedance topology,
many modified Z-source topologies have been developed [22]-
[24] to reduce switching loss and improve power density.
Though these proposed converters based on Z-source topology
could generally achieve smaller size and wider voltage
conversion ratio, they have issues in complicated structure,
instability, voltage stress of switches, power level limitation
[24] and output harmonics [7] [25]. Therefore, this paper aims
to improve the performance of converter by designing and
optimizing the control method of a basic three-phase Z-source
converter, rather than adding more devices or complicated
circuits.
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Fig.1 Topology of a bi-directional three-phase Z-source converter

Some advanced control logic for three-phase Z-source
converters has been proposed to achieve better dynamic
performance [26]-[28], realize ZVS rectifying [29], reduce grid
current distortion [30], decouple active and reactive power [3]
and increase voltage conversion ratio [31]. However, these
control methods require tremendous and complicated
calculations to meet the special requirements of designated
applications with more passive devices added. Those control
schemes are often complicated [32].

In this paper, three new modulation schemes of inserting
shoot-through states are proposed. Among them, sine variable
modulation shows better performance over harmonic
suppression and is therefore further developed into a closed-
loop control method. The converter could be connected to the
grid or a three-phase load. The switch S; and circuit breaker S,
determine the working mode. To simplify the calculation, the
input DC voltage source is divided into two voltage sources,
each has the magnitude of Va./2, and the middle point is labelled
as 0. Compared to conventional control schemes, the proposed
method in this paper has the following advantages: low
harmonics in output voltage and current; support of bi-
directional operation; easy to implement without complicated
algorithm or computation burden; easy to modify for the control
in grid-connected mode.

II. PROPOSAL OF CONTROL METHODS AND ANALYSIS

A. Basic Principle of Three-phase Z-source inverters

Fig. 1 shows the three-phase Z-source inverter which
consists of a Z-source topology, a diode D; and a traditional
three-phase full-bridge inverter. The Z-source topology is
composed of two inductors Lz, Lz and two capacitors Czi, Cza.
To achieve the symmetrical characteristic, the two inductors
usually would have the same inductance, i.e. Lzi=Lz,=Lz, while
the two capacitors also would have the same capacitance, i.e.
Cz1=Cz=Cz. Otherwise, an asymmetric topology would lead to
unbalanced operation as well as difference in voltage and
current stress of devices [33]. The output side of the Z-source
topology is connected to a classical three-phase full-bridge
inverter with six switches. The diode D;is placed in series with
the DC voltage source to block any reverse current from the Z-
source topology in order to achieve voltage boosting [33].

When circuit breaker S; is turned on, the converter operates
bi-directionally as a rectifier and power transfers from the grid
to the DC side of the converter. The Z-source network acts as a
special LC filter of the three-phase rectifier. Traditional SPWM
control method of three-phase full bridge rectifiers is applicable.

When circuit breaker S; is turned off, the converter operates
as an inverter and power transfers from the DC side to the three-
phase loads or the grid. Circuit breaker S, determines whether
the converter operates in grid-connected mode or resistive load
mode.

The voltage-boosting principle of three-phase Z-source
inverters is similar to the one of single-phase ones as described
in [33], and therefore the detailed analysis and equivalent
circuits in each state are not repeated here. In short, the voltage
Vzis boosted higher than the input voltage Ve because of shoot-
through states. In steady state, the operation of Z-source
inverter is divided into two periods: shoot-through states and
non-shoot-through states [33]. It is assumed that the total time
of shoot-through states in one switching cycle is 7s, and the
period of one cycle is 7, then the shoot-through duty ratio D of
shoot-through states is:

T.
D=-* M
T
Equation (2) shows the state space equation:
[ 0 0 2D -1 0 1
LZ
l:m(t) 0 0 0 2D -1
i i7,(8) _ L,
dt| vey, (1) -D 1-D 0 0 (2)
Veza (1) C; C,
1-D -D 0 0
L C‘7 C7 i
S _ _
iLZl(t) LZ
j t 1-D D -1
] i17,(8) v, + i
vCZl(t) LZ CZ
vczz(t) 0 D -1
| 0 | L C, |

The steady-state parameters could be obtained by setting
(2) to zero, as shown in (3):
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Lz =gz, :1—2D.ZZ

(3)

Vez, = Vez, :E’Vde:VZ

v, =—F:V
Z—- peak 1_2D dc

Since D must be greater than 0 and smaller than 1, the
average magnitude of the output voltage across the Z-source
topology ¥z is boosted higher than input DC voltage Vac as
shown in (3). When more shoot-through states are inserted, the
output voltage gain will become higher [34]. The voltage gain
of Z-source inverters could be infinite theoretically, whereas the
effect of parasitic components and harmonics requirement limit
the maximum practical gain.

The core concept of Z-source converter’s control is to boost
voltage by inserting shoot-through states while reducing output
harmonics and power loss [33]. Three shoot-through states
inserting methods are proposed below for three-phase Z-source
converters.

B. Proposed Modulation Schemes

A study of inverters connected to resistive loads is presented
here. Control methods of three-phase Z-source inverters could
be classified into two categories: shoot-through of three-phase-
leg modulation schemes and shoot-through of single-phase-leg
modulation schemes [35]. Each subcategory could be further
divided by continuous modulation methods and discontinuous
modulation methods. If only one bridge is inserted with shoot-
through states, then the high current during shoot-through states
would all flow into the two switches of this bridge. Switches of
the other two bridges do not share the same current stress, which
leads to the asymmetry of the topology and the operation.
Therefore, the three-phase-leg modulation scheme is selected
for the proposed methods.

In non-shoot-through states, its operation is divided by zero
states and non-zero states [35]. Based on this, there are three
primary subcategories of inserting shoot-through states: (1)
Simple boost control: part of zero states are converted into
shoot-through states; (2) Maximum boost control: all zero states
areas are converted into shoot-through states; (3) Constant
boost control: most of zero states areas are converted into shoot-
through states [35] [36]. The proposed methods of inserting
shoot-through states are based on conventional SPWM scheme
of three-phase full-bridge inverters and belong to constant boost
control.

Three sinusoidal modulating signals at the frequency of the
desired output but displaced from each other by 27n/3 phase are
generated. The triangular carrier wave is compared with the
modulation waves to generate six gate signals. The concept is
modifying the magnitude of three modulation waves to create
overlaps. In Fig. 2(a), the sine modulation waves of generating
signals for switch T; and T, in phase A bridge are presented.
The black solid curve represents a standard sine wave whose
magnitude ranges from —M to M, where 0 < M < 1. Two more
modulation waveforms are derived by adding a variable b(z)
which varies with time respectively. The red dashed modulation
wave is used for generating gate signals for upper switch T},
which is marked as wri. The blue dotted modulation wave is
used for generating gate signals for lower switch T,, which is

3

marked as wr». Fig. 2(b) is a zoomed view of the circled part of
Fig. 2(a). It shows the overlap of switching signals Gr; and Gt
by two different modulation waves. For simplicity, b(?) is set as
a constant in Fig. 2.

Magnitude of modulation and carrier waves

Carrier Wave

‘/( arrier Wave ~a

- 24
~ " /"/
[ Shoot-through States |
(®)
Fig.2 Shoot-through states inserting by overlap: (a) Modulation waves in one
cycle; (b) Zoomed view
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The magnitudes of three modulation waves for each bridge
are shown in (4), where M represents the magnitude of sine
modulation waves; and m4, mp and mc represent the
instantaneous magnitude of modulation waves of phase A, B
and C. Both m4, mp and mc range from —M to M. The three
modulation waves are compared to the carrier waves in Fig.
2(b), then six pulsed gate signals are generated accordingly as
shown in Fig. 3.
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Fig.3 Generation of switching signals to insert shoot-through states
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The magnitude variation of each modulation wave is marked
as a function ba(?), where n represents the serial number of
switches. The modified magnitudes of modulation waves are
given in (5), where ma4u, mp. and mcu represent the
instantaneous magnitudes of modulation waves used for
generating pulse signals for the upper switches of phase A, B
and C, and ma, mp and mc represent the instantaneous
magnitude of modulation waves used for generating pulse
signals for the lower switches of phase A, B and C.

(m, =M sinot+b/(t)

=M -sin(wt —%ﬁ) +b,(1)

mBu

me, = -sin(wt—%ﬂ)+b5(t) (5)
<

m,, =M -sinwt+b,(t)

Bl

=M -sin(wt —%ﬂ') +b,(1)

\ my, =M -sin(a)t—%ﬁ)+b6(t)

Fig. 4 shows the modified diagram of space vector
modulation. In traditional SVPWM, there are eight vectors and
only one switch in a bridge could be turned on. When the state
of the upper switch is ON, the state is marked as 1; otherwise,
marked as 0. Therefore, there are eight possible combinations
of the three bridges’ states, i.e. Sp to Sy. Instead, shoot-through
states are feasible for three-phase Z-source inverters. No matter
which bridges are inserted with shoot-through states, the
voltage Vz drops to zero, and all the three bridges share the
same voltage Vz. Thus one more vector Sg is added, which
represents the case that shoot-through state is inserted into at
least one of the three bridges. The proposed control method
belongs to shoot-through of three-phase-leg modulation scheme
and continuous modulation method as previously mentioned.
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Fig.4 Modified switching vectors

With a variation b(#) of each modulation waves in each
bridge, shoot-through states are inserted. Three modulation
schemes of defining function b(#) are proposed here: Sine
variable modulation, Cosine variable modulation, and Constant
variable modulation.

For the sine variable modulation, b(#) is a sine function which
has the same phase with the corresponding modulation wave as

4

shown in (6). In this case, the shoot-through states are inserted
more in peaks of the modulation wave, and are inserted less in
the valleys of the modulation wave. B is a positive constant, and
-B < b(t) < B. The modified modulation waves in one bridge are
shown in Fig. 5(a), where the black curve wq, represents a
standard sine waveform, the red curve wry is modified to
generate gate signals for the upper switch, and the blue curve
wrr 1s modified to generate gate signals for the lower switch in
the bridge. The green curve shows the magnitude of b(z) over
time.

s bl(t)=B~[Sin(wt)+1] bz(t)zB'f[sin(a)t)-H]
2 2
sin(a)tfgﬂ')+1 - sin(wt—%n’)ﬂ
4 b(t)=B-= 3 =  b(t)=B-—= 5 = (6)
sin(a)t—iﬂ')ﬁ—l - sin(a)t—gﬁ)+1
(=Bt (=B

For the cosine variable modulation, b(?) is a cosine function
which has the same phase with the corresponding modulation
waves as presented in equation (7) and Fig. 5(b). In other words,
b(t) could be regarded as a sine function which has a n/2 phase
delay with the modulation wave. The shoot-through states are
inserted more in valleys of the modulation wave, and are
inserted less in the peaks of modulation waves.

Magnitude of Modulation Waves - Sine Variable Modulation
T T T T

0 0.01 0.02 0.03 0.04 0.05
Time (s)

(a)
Magnitude of Modulation Waves - Cosine Variable Modulation
I T T T

0 0.01 0.02 0.03 0.04 0.05
Time (s)

(b)

Magnitude of Modulation Waves - Constant Variable Modulation

0 0.01 0.02 0.03 0.04 0.05
Time (s)

(©)
Fig.5 Modulation waves and corresponding magnitudes of b(#): (a) Sine
variable modulation; (b) Cosine variable modulation; (c) Constant variable
modulation
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 b()=B- [cos(ar)+1] b1y~ B —[cos(wr)+1]
1 ] 2 ] 2
cos(a)t—%zr)-kl - cos(a)t—%zr)-kl
9 bg(t)=B~: 5 b,(t)=B- 5 O]
cos(a)t—gﬂ)ﬂ - cos(a)t—?;r)ﬂ
L bs(0)=B-= 5 = b(t)=B- 5 .

For the constant variable modulation, the absolute value of
b(1) is equal to a constant. The constant value is defined as 2B/n
as shown in (8), which is the same with the average magnitude
of sine variable modulation as well as cosine variable
modulation during one cycle. Thus, it is easy to analyze and
compare the three proposed modulation schemes.

b (t)=b,()=bs(t) = %B (8)

by (1)=b,(1)=b, (1) = —%B

C. Voltage Gain Analysis
As described before, the input voltage V. is boosted to I7Z

by the Z-source topology with the insertion of shoot-through
states, then the AC output voltage is higher than the input DC
voltage source. The Z-source topology could be regarded as a
front-end boost converter for a DC-AC inverter. Bridge
voltages Vao, Vo and Vco would vary among +7, /2, 0, -7, /2.

According to (3), the peak value of phase voltages could be
obtained as:

N>

Y, _M(-D) 7,
2 1-2p 2

where I;:n represents the maximum and peak value of the sine
wave. I}m represents the peak magnitude of the carrier wave.
The modulation ratio is defined as M, which represents p /.
It is obvious that the shoot-through duty ratio D in the three
proposed modulation schemes is directly determined by M and
B. Because the frequency of the modulation wave is much
smaller than that of the carrier wave, the magnitude of
modulation wave could be assumed as constant during one
switching cycle. Fig. 6 shows the modulation waveforms within
a very short time. In Fig. 6, the black line wsy, represents the
standard sine waveform, the red line wry represents the
modified modulation wave to generate gate signals for the
upper switch, and the blue curve wrL represents the modified
modulation wave to generate gate signals for the lower switch
in the bridge. The green curve wc represents the carrier wave.

9)

L %
Vio =Vao =V =22 =M
AO BO co V( 2

ca

5

During this short period, it is assumed that the magnitudes of
each modulation wave are constant. There is another
assumption that the switching frequency of carrier wave is high
enough to calculate the ideal duty cycle D.

In Fig. 6, the total time length of shoot-through states in one
period of the carrier wave is 2¢. The duty ratio of one bridge Dy
is equal to 2¢/T. Since there are three bridges in the full-bridge
inverter, the total duty ratio D is equal to 3Dg. The time slots
when shoot-through states are inserted in two or three bridges
simultaneously would occur when the instant magnitudes of
modulation waves of two bridges are equal or very close to each
other. These time slots normally account for very little portion
and are thus neglected unless B is very large. The following
equations could be obtained:

r_2R (10)
t T
Since R=2, r=4B/x, duty ratio could be obtained as:
D=3D,-3x =3, 48 _68 QY
2 2 =z V4
WU
w 5 IR
W t t
T

Non-shoot-througHSHGBEHFOUEH| ~ Non-shoot-through  [SHOBHEHFEUEH Non-shoot-through
Fig.6 Duty ratio of shoot-through state analysis

By replacing this result in (9), the output phase voltages
could be obtained in (12). Table I shows a comparison among
the proposed control method and typical control methods [26].

I}La:I}Lb:I}Lc:]\/[1.(12_DD).%:]\/[.(7[_68)'Q (12)
- T—12B 2

In Fig. 7, the relationship between ideal overall voltage gain
G and parameter B is presented. The overall voltage gain
increases with the increase of modulation index M and
parameter B.

III. COMPARISON AND CLOSED-LOOP CONTROL

A. Simulation Results and Comparison

Open-loop simulations have been conducted in Matlab
Simulink. The DC side voltage V. is set as 500V to represent a
typical EV battery voltage. The balanced three-phase loads are
composed of three resistors whose resistance Rigag is 112.5Q in
star connection, Lz=Lz=280uH, Cz,=Cz,=141pF, L=8.95mH,
C=7uF, AC output frequency f=50Hz. The calculation of these
parameters is presented in the Appendix.

TABLE I. COMPARISON WITH CONVENTIONAL CONTROL METHODS

Shoot-through Duty Ratio D Boosting Factor Overall Gain G Capacitor Voltage Vc
1 M M
Simple Boost Control 1-M S 1 YV Vdc m
V4 ™ V. M
Maximum Boost Control 1- 3\/§M _— G de 3\/5
2 3\/§M—7r 3\/§M—7Z' 2 33M-x
1 M V
Constant Boost Control 1- ﬁ_M _ B de . \/§M
2 BM -1 NS 2 \BM-1
6B M -6B -6B)-M
Proposed Variable Control — i 4 M v, [(Z-6B)-M
% 7—12B 7—12B 7—12B
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Fig.7 Relationship between the overall gain G and parameter B

First, the simulation at rated output voltage of sine variable
method is conducted. The peak magnitude of rated output phase
voltage is set as 1060V, whose r.m.s. value is 750V at the
medium voltage level. Fig. 8 shows the waveforms of three
output phase voltages vi,, vip and vi respectively. The THD of
each phase voltage is only 2.66%.
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Fig. 8 Output phase voltages of sine variable method at rated output voltage

To further investigate the difference among the three
methods on output voltage harmonics, open-loop simulations
have been conducted with M=0.9 and B=0.25 such that the
magnitude of modified modulation waves would go beyond the
magnitude of the carrier wave and the output harmonics would
increase undoubtedly. In this way, the effect of the three control
methods on output harmonics could be clearly illustrated.

Waveforms of output phase voltages are presented in Fig. 9.
It is clear that with such a large value of B, the output harmonic
of sine variable method still maintains within a low level. In
contrast, the harmonics of cosine variable method is much
greater. The harmonics level of constant variable method is
slightly lower than one of cosine variable method, but the
voltage magnitude is lower than expected. This is because the
total duration of the shoot-through states in a three-phase
topology has become too long, and the average magnitude of
both the capacitor voltage Vczi, Vczz and voltage Vz could not
reach the ideal values in (3).

6

The harmonic analysis plots of three methods are shown in
Fig. 10. The cosine variable method produces the highest 5%
order harmonics. The 5", 7" and 11" order harmonics account
for most of the total harmonics in the three methods, while there
is little even order harmonics because of the symmetricity of the
control logic.

Fig. 11(a) represents the relationship between the THD of
output phase voltage Vi, and parameter B when M=0.9. As the
magnitude and frequency of output phase voltage Vi are the
same as Vip and Vi, only Vi is presented as a representative.
The THD increases as B increases because of the shoot-through
states insertion. Cosine variable method has the greatest output
harmonics, while sine variable method leads to lowest output
harmonics.

For sine variable method, the total THD of output phase
voltage Vi. is only 2.83% when B=0.2, which means the
magnitude of the modified modulation wave already exceeds
the magnitude of the carrier wave. Since the output load is
resistive, the voltage distortion and current distortion are the
same. For reference, the harmonics of 2" — 19" orders are
compared with the limits in the IEEE 1547 standard [37] as
shown in red in Fig. 10(d). It is clear that the output harmonics
are well below harmonic limits of the IEEE 1547 standard.
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Fig. 9 Waveforms of output phase voltages with high shoot-through duty

ratio D: (a) Sine variable method; (b) Cosine variable method; (c) Constant
variable method
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Fig. 10 Harmonics analysis of three proposed control methods when M=0.9
and B=0.25: (a) Sine variable method; (b) Cosine variable method; (c) Constant
variable method; (d) Comparison with IEEE 1547 standard harmonics limits

Fig. 11(b) shows the relationship between the output phase
voltage magnitude Vi, and parameter B when M=0.9.
Similarly, the output voltage increases as B increases because
of the shoot-through states insertion. However, there is no
significant difference in the voltage magnitude between three
methods because the duty ratio D is the same. The difference
between the three modulation schemes is the distribution of
shoot-through states insertion, rather than the duty ratio which
directly determines the output voltage magnitude. The slight
difference of voltage magnitude comes from the fact that when
the time of one shoot-through state is too short, the circuit is not
able to react and complete the capacitor discharging cycle.

Fig. 11(c) shows the relationship between the THD and the
peak magnitude of output phase voltage V.. No matter which
control method is selected, the harmonic increases with the
voltage magnitude, i.e. the boost ratio, because of more shoot-
through states are inserted.

The main difference among the three proposed modulation
techniques is the output voltage harmonic, because shoot-
through states are inserted in different distribution patterns. In
contrast, there is little difference in the output voltage
magnitudes of three modulation techniques. The capacitance Cz
and inductance Lz is determined by defining the voltage ripple
ratio and input current limitation as outlined in the Appendix.
Since the difference of output voltage magnitudes is little, it is
not required to design a different capacitance and inductance
for each modulation technique in practical. Meanwhile, only
one modulation technique with rated M and B, which suits the
working condition the best, would be applied in practical
applications.

Regarding to the impact on power loss and efficiency,
switching loss would account for most of the total power losses
in the three-phase Z-source inverter, as soft switching cannot
be easily applied due to its unique feature of inserting shoot-
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Fig. 11 Comparison of the three prop(()szzd control methods: (a) THD of output
phase voltages versus B when M=0.9; (b) The magnitude of output phase
voltages versus B when M=0.9; (c) THD versus the magnitude of output phase
voltages

through states. As mentioned, the main difference among the
three modulation schemes is the distribution of the inserted
shoot-through states while their switching frequency are the
same. Therefore, there is little difference in conversion
efficiency among the three modulation schemes.

In summary, sine variable method shows better performance
than the other two over harmonics. To further investigate the
performance of sine variable method, a series of open-loop
simulations are conducted when both M and B vary within the
typical operation region. M ranges from 0.6 to 0.95, and B
ranges from 0 to 0.2. According to the simulation results, the
THD of output voltage always increases with the value of B
despite the value of M. However, there is no apparent
relationship between THD and the value of M when B is
constant.
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B. Closed-loop Control Method

Open-loop simulations are presented above where M and B
are constant. To achieve closed-loop control, M and B shall be
calculated according to the measured output voltage via PI
control in real-time to ensure that the output voltage magnitude
would follow the reference. The dynamic response design
process is the same as the one of conventional PI control. The
closed-loop control diagram of switching signals generation is
presented as shown in Fig. 12.
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Two closed-loop simulations are conducted. First, the
reference voltage has a step change from 750V to 900V (r.m.s.),
i.e. the peak voltage changes from 1060V to 1273V. Fig. 13
shows that the balanced three phase voltages increased to the
new reference smoothly within eight cycles, which takes 0.16s.

Secondly, the resistance Riaa 0f each resistive load in star-
connection switches from 112.5Q to 200€Q2. As shown in Fig.
14, at the moment of load change when t=0.5s, the output
voltage increases for a short time because of the disturbance in
load resistance. Then the output voltage is soon regulated and
reduced to the rated value 1060V. The output voltage and
current become stable within two cycles.

The design of this closed-loop control is based on applying
the new sine variable modulation scheme to the traditional
closed-loop SPWM PI control methods. There is no
modification in the topology of the three-phase Z-source
inverter. The common control variable of Z-source inverters is
the shoot-through duty ratio D, which is equal to 6B/xt in the
proposed modulation schemes. The common output variable of
the closed-loop control design is the capacitor voltage Vezi
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Fig.14 Simulation waveforms of output phase voltages and currents when Rjoag
changes

(equal to Vczz2), which directly determines ¥z and output
voltage magnitude. Therefore, the methodology of small signal
analysis, transfer function and dynamic response design by
bode plot of typical three-phase Z-source inverters could be
directly adopted in the proposed modulation scheme.

The proposed control could also be easily modified for the
operation in grid-connected mode. In conventional SPWM
control methods of grid-connected three-phase full-bridge
inverters, the magnitude of modulation waves is derived for
generating switching signals [38]. The values of parameter M
and B could be obtained based on the value of Sasc. Parameters
M Au, WAL, MBu, MBI, Mcu, Mcr are thus obtained which represent
the magnitudes of modified corresponding modulation waves to
insert shoot-through states. The main characteristics of
conventional control methods are maintained. It is assumed that
the three output phase voltages or three-phase loads are
balanced in this paper, thus only phase voltage vi, is being
measured and calculated for the closed-loop control as shown
in Fig. 12. If there is a voltage or load unbalance, only phase
voltage vi. could catch the reference while the other two phase
voltages would vary. Therefore, the proposed closed-loop
control method works the best when there is no voltage
unbalance present in the connection point to the grid.
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IV. RT-LAB EXPERIMENT

A. Experimental Setup

The proposed control for three-phase Z-source converter is
further verified by Hardware-In-the-Loop (HIL) tests as shown
in Fig. 15. The experimental setup is composed of the
following: (1) RT-Lab running on OPAL-RT OP4510
simulator; (2) a DSP F28335 control board; (3) a host computer;
(4) an oscilloscope. The three-phase Z-source inverter, DC
voltage source and resistive load in star connection are
simulated in real-time in the RT-Lab. An I/O interface is
provided by the RT-Lab for the mutual communication with the
DSP control board.

¥

The RT-Lab experiment photo

Fig.15

The DSP chip collects the real-time information of the three-
phase Z-source inverter’s operation including the currents and
voltages of each node through the analog-output interface on
RT-Lab. The DSP adjusts the value of parameters M and B
according to the proposed algorithm. The six gate signals of the
inverter are sent into the RT-Lab to control the three-phase Z-
source inverter by GPIO0-5 ports, which belong to digital-input
interface on the RT-Lab. The GPIOO0/1 send gate signals for
switch T and T». The GP102/3 send gate signals for switch T3
and T4. The GPIO4/5 send gate signals for switch Ts and Te.
The ADCINAO port collects output phase voltage signal Via.
The model in RT-Lab and the proposed closed-loop control
method in the DSP chip could be manipulated and revised via
the host computer. The oscilloscope is connected to the I/O
interface on RT-Lab to observe and record the waveforms or
other information of the three-phase Z-source inverter. Detailed
parameters of the experiments are presented in Table II.

TABLE II. PARAMETERS OF EXPERIMENTS IN RT-LAB

Ttems Values
Input DC Voltage 500V
Rated Output Phase Voltage (peak) 1060.7V
Rated Output Phase Voltage (r.m.s.) 750V
Switching Frequency 10kHz
Inductance of Lz, Lz, 280uH
Capacitance of Cz,, Cz, 141pF
Inductance of L; 8.95mH
Capacitance of Cy TuF
Load Resistance per Phase Rjouq 112.5Q
Rated Output Power Pjoq 15kW
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B. Experiment Results and Analysis

Experimental waveforms in steady state are shown and
analyzed here. In Fig. 16, the upper and middle curves represent
the gate signals of switches T, and T» in the same bridge. The
bottom curve represents shoot-through states which are
overlaps of the two gate signals. Fig. 17 shows the three-phase
output phase voltage waveforms at rated power. It is clear that
there is little distortion in these waveforms with a THD of only
2.23%.
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Fig. 17  Experimental waveforms of output phase voltages Vi,, Vi, and Vi

Fig. 18 shows the voltage and current of Z-source inductor
Lz and capacitor Cz;. Because of the symmetric topology, the
waveforms are the same as the ones of another inductor Lz, and
capacitor Cz. The voltage pulses of Vizi come from the
insertion of shoot-through states. During shoot-through states,
inductor current Jrz1 increases rapidly and energy is stored into
the inductors from both the capacitors as well as the input

voltage source.
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Fig.18 Voltage and current of Cz; and Lz,
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During non-shoot-through states, the inductor current Irz:
decreases to a low level and becomes stable until the next shoot-
through state. In this period, the inductor current is the same
with the sum of capacitor current and the current injected into
the three-phase full-bridge inverter Iz. During shoot-through
states, the capacitor Cz; is being discharged rapidly. In non-
shoot-through states, the capacitor is being charged firstly, then
begins to discharge as the inductor current decreases. The
capacitor voltage Cz; is stable and the ripple is negligible.

Fig. 19 shows the waveforms of input current Zi» and voltage
Vz. The input diode is reverse-biased during the shoot-through
states, so the input current is zero. In non-shoot-through states,
the diode is forward biased [33] and current flows from the DC
voltage source into the Z-source inverter. The current then

drops to zero when v, -V,,,=V, . The maximum magnitude

of Vzis equal to 2V, -V, as described in (3). In shoot-through

states, Vz becomes zero. The average value V7 is equal to the

capacitor voltage Vczr or Veze.
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The input current spikes of three-phase Z-source inverter
could be harmful to the batteries, and therefore shall be
suppressed to within an acceptable level by reducing the shoot-
through state duty cycle D and the capacitance Cz. There is a
compromise between the output voltage boost ratio and the
peak magnitude of input current spike. As shown in Fig. 19, the
peak magnitude of input current is about 90A which is about 3
times of its average magnitude 30A. While the 90A current
spike is acceptable for popular EV batteries in the markets
which are capable of 200A continuous output current in
discharging mode [39] [40], the suppression of input current
spikes deserves further research in future.

Since the sine variable modulation is developed into a
closed-loop PI control, three closed-loop experiments were
conducted to testify the transient performance of the converter
with step changes in output voltage reference, load resistance
and input voltage as the disturbances.

First, transient waveforms of output voltage when the
maximum amplitude of voltage reference changes from 1060V
to 1400V is presented in Fig. 20. The waveforms represent
phase voltages Via, Vis and Vic respectively. A signal curve
showing the change of reference voltage is also displayed. It is
clear that phase voltages increase to the new reference
magnitude smoothly within six cycles.

Thirdly, the input voltage source is regarded as the
disturbance. The input voltage increases from 500V to 600V in
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Fig.21 Transient waveforms when load resistance changes: (a) Output phase
voltages; (b) Output currents; (c) Phase voltage Vi, and current I

the experiment. Fig. 22 shows an overall view of the transient
waveforms when the input voltage increases. It is obvious that
the output phase voltage are stable during the disturbance of
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input voltage magnitude. In contrast, voltage Vz decreases
when the input voltage Vin increases. When Vis increases, the
closed-loop control scheme will reduce the value of B to insert
less shoot-through states so as to maintain the reference
magnitude of output phase voltages. The average value of Vz is
also unchanged, which directly determines the magnitude of
output phase voltages, but the duty ratio of shoot-through states
becomes smaller. As described before, Vz reduces to zero
during shoot-through states. Therefore, the maximum value of
Vz becomes smaller, as shown in Fig. 22. This experiment
proves that the output phase voltages could be regulated well

under the disturbance of input voltage.
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Fig.22 Transient waveforms when input voltage changes

For closed-loop experiments, the waveforms of input voltage
rise, reference voltage increase and load resistance increase are
presented above. In contrast, the waveforms of input voltage
drop, reference voltage decrease and load resistance decrease
are not presented here to conserve the space, as their results are
similar and symmetric with the same conclusions to be drawn.

Secondly, the load resistance changes from 112.5Q to 200Q
while the voltage reference is constant at 1060V. The output
phase voltages and output phase currents are presented in Fig.
21(a) and Fig. 21(b). The change of load resistance is indicated
by a signal curve. In Fig. 21(c), phase voltage Vi. and the
corresponding current L4 are presented together. It is clear that
at the moment of load resistance change, there is a disturbance
of the phase voltages. Afterward, the phase voltages become
stable and catch the reference well. The currents reduce because
of the increase of load resistance. It proves that the output phase
voltages could be regulated when the load resistance varies.

In short, the experiment results match well with the proposed
control theory and simulation results. The voltage-boosting
capability of the sine variable closed-loop control method is
proved with little harmonics and uncomplicated control
algorithm compared to existing methods [27]. When the voltage
reference changes, the output voltage could smoothly and
quickly track and catch the reference. The proposed control
method is also capable of stable operation under the disturbance
of load resistance and input voltage.

V. CONCLUSION

The theoretical analysis, simulation and experimental results
in the paper proved the good performance of the proposed
methods for bi-directional three-phase Z-source converters.
Shoot-through states are inserted sinusoidally, and the output
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three-phase voltages could be boosted while the harmonics are
maintained within a low level. Constant variable method, sine
variable method and cosine variable method are introduced and
compared. Sine variable method produces least harmonics, and
hence is further developed into a closed-loop PI control method.
Steady-state waveforms in experiment results proved the
capability of voltage boosting with all circuitry waveforms
matched the theoretical analysis. Transient waveforms showed
the dynamic response with the disturbance of input voltage and
load resistance. The output phase voltages could catch the
reference quickly and smoothly. Compared to existing control
methods, the proposed one has better performance on
harmonics suppression with an uncomplicated control
algorithm, thus would be suitable for its application in vehicle
chargers with bi-directional power flow between the vehicle
batteries and the three-phase AC bus of a microgrid. The future
work mainly includes the implementation of an EV charger
prototype to testify the charging performance and conversion
efficiency in a Power Hardware-In-Loop (PHIL) testing
platform, suppression of the input current spikes and the
advanced control in unbalanced load cases.

APPENDIX
A. Equivalent Circuits

Circuit diagrams of three-phase Z-source inverters in
different modes are shown in Fig. 23. In shoot-through states,
the three-phase full bridge is short-circuited, so the voltage
across the Z-source topology Vz=0. As shown in Fig. 23(a),
shoot-through states are realized by switch T; and T, for
example. The bolded blue lines show the current flow. The
capacitors Cz; and Cz, are being discharged. The diode Dy is
reversely biased because the voltage across the Cz; and Cz, is
greater than input DC voltage. The following equations could
be obtained by applying Kirchhoff Laws.

Vizt =Vez1 = Viza = Vezo

. .. . 13
Iz Ficz =iz ez, =0 (13)
Iz =lz —lezo = lzy —lep
iz
’J BREE:
j& } L¢ Output
~YN Via

~Y Y Vio

v
(@

(b)
Fig. 23 Equivalent circuit of the converter in different modes: (a) Shoot-
through states when T; and T, is turned on; (b) Non-shoot-through states when
Ty, T4 and T is turned on
In non-shoot-through states, the diode D; is forward biased
as shown in Fig. 23(b). The current loop T;-T4-Ts is highlighted
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by bolded blue lines as an example. The capacitors Cz; and Cz,
are being charged by the input DC voltage source. Similarly,
the following equations could be obtained.

Vizi =Vizo =Vae Ve =Vae =Veza

V2 =2V =V (14)

ligy =lczy T
l1zy =g +1
Equations (2) and (3) could then be derived by combining
equations (13) and (14).

B. Parameters Calculation in Simulations and Experiments

The equations for designing inductance and capacitance
parameters of the Z-source inverter are presented below. With
regard to the Z-source inductors L1, Lz, and capacitors Cz; and
Cz», the design principles are restricting the ripples of inductor
current and capacitor voltage.

_ig-dt _iy,-D

: L (15)
dve, aVv.f.

L :VLZ'd[:VCZ'D (16)
g ==
dILZ ﬁILz.f;

In equations (15) and (16), a represents the ratio of capacitor
voltage ripple by average capacitor voltage, S represents the
ratio of inductor current ripple by average inductor current, D
represents the rated duty ratio of shoot-through states, and f;
represents switching frequency. In this paper, f=10kHz and
o=(=D=0.1, which means the expected ripples of I, and V¢
account for 10% of their average values.

With regard to the LC filter, a cut-off frequency is set as
2kHz, which is equivalent to 20% of the switching frequency.
The equations for the inductance and capacitance are:

(17)

(18)

=
@, L,

where U, and I, represent rated output voltage and current, w;
represents the angular frequency of modulation wave, w;
represents the angular cutting-off frequency [41]. The above
parameters might be further adjusted when conducting the
frequency response analysis and PI settings in order to
guarantee a dynamic performance of the closed-loop control.
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