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ABSTRACT

A hybrid control system for Z-source inverter (ZSI) with LC filter which is used in distributed
generation (DG) systems is presented in this study. The proposed system has two different con-
trollers, dc-side and ac-side. While designing the ac-side controller, a proportional-resonant (PR)
controller was used. Besides, to be able to adjust the voltage of the Z-source capacitor according
to the reference value of it, a proportional-integral (PI) controller was employed on the dc-side
of the ZSlI. In the end, a dynamic ZSI model was obtained by the help of small signal analysis and
state space averaging. After the mathematical model of the ZSI was derived, the dc-side and ac-
side controllers were designed. Using both controllers, inverter reference tracking performance
was enhanced. The proposed controller offers superior output voltage regulation regardless of
the linear and nonlinear loads. Taking into account the abrupt variations in both the dc source
and linear/nonlinear load level, the effectiveness of the proposed control system was tested and
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supported by Matlab’/Simulink simulations.

1. Introduction

Over the years, inverters of various topologies have
found wide applications including distributed genera-
tion in renewable energy resources (wind, hydro and
solar energy, etc.) [1]. Since the power derived from the
output of renewable energy sources varies widely, DG
systems cannot be directly connected to the ac systems.
To be able to overcome this voltage variation trouble
and to meet the required IEEE standards, a power con-
ditioning unit (PCU) is required. For these units, Z
Source Inverter (ZSI) can be shown as a promising and
developing topology. When compared with the Volt-
age and Current Source Inverters, ZSI has significant
benefits such as low cost, buck-boost capability, high
efficiency, and low volume [2,3]. Because of the bene-
fits that it provides, many studies in the literature have
examined the ZSI via different sides, such as design of it,
modulation techniques, novel topologies, and closed-
loop control methods [4,5]. DG systems should have a
high-quality output voltage for both linear loads and
non-linear loads. Therefore, in order to obtain high-
quality voltage waveform and low distortion, a proper
controller design is needed. To obtain a robust con-
troller, ac- and dc- sides of the ZSI can be taken into
account separately while designing the controller.
There are four groups under which the dc side con-
trol of the ZSI is classified: These are direct DC line,
indirect DC line, unified and capacitor voltage con-
trols [6-13]. There is a buck-boost characteristic in ZSI;

therefore, it can be said that like the other buck-boost
converters, there is a right half plane (RHP) zero in
ZSI’s transfer function between shoot-through duty
ratio and ZSI output [14]. Because of the RHP zero
in the transfer functions, using indirect control has
much-drawn attention.

For dc-side of ZSI, the PI controller is commonly
applied control strategy and is the easiest to be realized.
However, using a PI controller is not a good choice for
the ac-side of ZSI. Tracking the sinusoidal signal with-
out steady-state error in the stationary frame is unfea-
sible by utilizing a PI controller. Because of the limita-
tions of using the PI controller on the ac- side, many
researchers have developed new controllers in order
to achieve static and dynamic performances. Some of
these controllers are feed-forward controller, deadbeat
(DB) controller, sliding mode controller, PR controller
and repetitive controller [15]. Among these controllers,
the PR controller has much-drawn attention in terms of
performance, reliability, ease of control and low cost. To
be able to increase the inverter’s dynamic performance,
the PI control can be combined with the feed-forward
control [16]. The dynamic performance, however, fails
to define the dynamics of the load. Sliding mode con-
trol has poor gain stability margin because it is sensitive
to the switching frequency. For choosing the correct
switching mode, the changes in physical parameters can
be predicted by DB control, which is also known as pre-
diction control. However, it is vulnerable to parameter
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changes [17,18]. During the tracking of the AC sig-
nals at a given resonant frequency of the signal control,
the using of a PR controller gives a chance to remove
steady-state errors [19,20].

Selection of the correct modulation technique is also
an important factor for the design of the ZSI control. We
can talk about various modulation techniques studied
previously for ZSI: conventional Space Vector Mod-
ulation (SVM), Distributed Space Vector Modulation
(DSVM), Simple Boost Control, Maximum Boost Con-
trol, and Maximum Constant Boost Control [21-24].
To be able to achieve the highest efficiency, the low-
est total harmonic distortion (THD), and the lowest
voltage stress on switches, choosing the appropriate
modulation technique is very important. In this study,
for obtaining the highest DC bus utilization, the DSVM
was applied to create the converter switching signals.

A large number of studies have focused on controller
design for ZSIs, especially to obtain a controller that
has fast response for a high-quality output voltage sub-
jecting to the input voltage and load changes. However,
there is not any study interested in a control strategy
based on the PR controller for ZSIs with nonlinear loads
in the literature. Aiming to contribute towards filling
this gap of knowledge, this study provides the following
contributions:

e Designing a control strategy depending on the PR
controller to obtain fast response time and a robust
controller for a high-quality output voltage subject-
ing to the input voltage and load variations.

e Using DSVM to be able to obtain a desired level of
the output voltage through decreasing the magni-
tude of the dc line voltage and the voltage stress.

e Providing comparative results between the pro-
posed PR-based control strategy and the conven-
tional PI-based control strategy taking into account
the response time and steady-state error.

The remainder of the paper has been divided into
five parts. Section II presents the ZSI dynamic model
obtained by small-signal analysis and state space aver-
aging method. Afterward, the controller, which is sepa-
rated into two different stages in the study, is described
in Section III. Section IV provides information related
to the proposed system and reports the results of the
simulations. Section V provides the comparison of the
proposed controller with the conventional PI controller
in terms of steady-state error and transient response.
Finally, the paper concludes in Section VI.

2. Modelling of ZSI

Obtaining a dynamic model of ZSI is necessary to ana-
lyze transient and steady-state operations. Providing
a transfer function is also important for designing a
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Figure 1. The ZSI connected with an LC filter.

proper controller. Figure 1 shows the configuration of
the ZSI with an LC filter.

For obtaining the ZSI model, the method of state
space averaging was used. To be able to make the system
linear around a balance point, the small signal analysis
was applied. Although previous researches did not take
into account the modulation index as a control vari-
able, for the aim of this study, it was considered as a
control variable in order for determining the dynamic
inverter model. In addition, it was considered that the
input voltage, which was a perturbation source in terms
of obtaining a model for analyzing dynamic problems as
inverter input voltage, dropped.

Based on switching positions, we can talk about 3
possible switching states. These states that were con-
sidered while modelling ZSI were active voltage vector
mode, shoot through mode, and zero voltage vector
mode. Also, they were shown in Figure 2. For this
proposed model, capacitor voltage, load current, and
inductance current are state variables.

x(t) = [ve(®) i (®) ix(D)] (1)

Taking into account 3 operating modes together with
the state space averaging technique, the state equation
during the active (duty ratio of this state is M) state is:

. 1 . v
sip O =1 0 |Ti o

sve |=|c O = ||v|+ ?/ (2)
ity 0 Lz_X — R—i( iLx — L_;j;

The state equation during the shoot through (duty ratio
of this state is D) state is:

sip 0 % 0 ir
sie |=|—-¢ 0 0 Ve (3)
SiLx 0 0 —Iz—}); iLx

The state equation during the zero (duty ratio of this
state is 1-D-M) state is:

sif, 0 - % 0 i %
sve | = % 0 0 ve |+ 0O (4)
SiLx 0 0 -] [ 0
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Figure 2. (a) Active voltage vector mode (b) shoot through
mode (c) zero voltage vector mode.

The model of the system obtained by (3). D+ (4). (1-
D-M) +(2). M is:

siz o 32 9 i
Sf/c = % 0 —I]\?/I f/c
A 0 2M Ry 2
Sty E E Ix
Yée (1 - D)
+ 0 (5)
_Vdc
I M

As shown in Equation (5), i, v, and iy refers to the
state variables. In addition, while “D” and “M” are

control variables, v and vy are the outputs that will be
controlled [24,25].

By benefitting from the model of state space, the state
variables for steady state equations can be formed as
follows [26,27]:

D/
Vc = mvin (6)
D/
I = mILx (7)
V,
Iy = R—; (8)

To be able to simplify the Equation (9), the following
equation called as small signal analysis is used: x(t) =
X + X(t). In this equation, X refers to component of the
variable at the equilibrium point, x refers to the variable
in the model of state space (as in Equation 1), and X
refers to the perturbation signal.

2D—1
SiL 0 L 0 17
Sf/c = % 0 —% f/c
si M _Re| |
X 0 L. L x
1-D 2V.—Viy
L L 0
21 L
o T - IO
_M O 2V —Viy
Ly Ly

Equations (10-12) show the state equations for the
small signal analysis of the ZSI.

sLip = 2D — D7 + (1 — D)vin + Ve — Vp)d
(10)

sCh = (1 — 2D)i; — Miy — 2I.d — L (11)
sLyiy = 2M¥Ve — Ryixy — My + QVe — Vi (12)

Applying the small signal equations and steady-state
equations provides a possibility for the controlling of
the output transfer function. The output control trans-
fer function given in Equation (13) is provided as a third
order transfer function.

Gven ()
_ (=2ILL)$* + 2Ly V. — L Viy — 4DL,V, + 2DLx Vi, — 2ILLR,)s
(CL,Ls® + CLRs*> + 4L D* — 4LD + 2LM?* + L,)s
+(4R,D* — 4R.D + R,)
2R, V. — R Vi, — 4DR, V. + 2DR, V. + 2DR, Vj,

CL,Ls® 4+ CLRs* + (4L D? — 4L,D + 2LM? + L,)s
+(4RD? + 4R:D + Ry)

(13)

The generated transfer function has an RHP zero lead-
ing to a non-minimum phase response. It is understood
from Figure 3 that a high oscillation in capacitor voltage
occurs due to a step change in shoot through duty ratio.
Therefore, the ZSI output voltage will also oscillate.
In order for preventing this undesired oscillation, a
closed loop control was utilized. A hybrid controller
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Table 1. ZSI parameters.
Circuit Parameter Value
L1, L2 650 pH
c1,Q2 500 pF
Input voltage 450V
Switching Frequency 2kHz
Load Resistance 12,5Q
Load Inductance 340 uH

which includes PR and PI controller was proposed in
order to prevent the undesirable non-minimum-phase
influences occurring because of RHP zero.

3. Controller design

To obtain a robust controller, ac- and dc- sides of
the inverter were taken into account separately when
designing the controller. By using only capacitor voltage
feedback on the dc side, indirect control of the dc-link
voltage (V4.) was ensured. In addition to this, for the
LC filter, the output voltage was adjusted by the ac-side
controller.

3.1. DCside controller

In order to track a reference sinusoidal output, shoot
through duty cycle of the dc-side was adjusted in the
proposed method. It is understood from Figure 4 that
to be able to control the variable D, just one control loop
is used. For adjusting the shoot through duty ratio, the
PI controller was applied.

Table 1 presents the circuit parameters utilized for
examining the performance of the proposed method.
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Figure 5. Bode plot of the dc side of ZSI.

Equation (14) shows the transfer function occurring
between shoot through duty ratio and the voltage of Z-
source capacitor.

—2,346x107°s% — 0,7096s + 5625

1,105x107 196> + 4, 063x10~ 52
+0,001106s + 6,125

Gvep = (14)

The open-loop transfer function after the compensa-
tion and the Bode plots of the transfer function Gy.p(s)
are presented in Figure 5. What the figure shows us is
that the bandwidth of Gy.p(s) is greater than the switch-
ing frequency. A proper control bandwidth should be
pushed beyond 1/6 of the switching frequency. Tak-
ing into consideration the circumstance, a compensator
was designed. The crossover frequency of Gy.p(s) was
reduced from 3374 kHz to 232 Hz after the compensa-
tion. Figure 5 shows that the compensated phase mar-
gin of 43.4° is gotten with a 232 Hz crossover frequency.
Ultimately, after the compensation, the output voltage
reaches a fast response and stability.

3.2. ACside conventional Pl controller in dq
synchronous frame

To be able to understand the advantage of using a
PR controller, it is necessary to mention about the PI
controller in dq synchronous frame while designing a
controller for ZSIs. Any closed loop PI/PID controller
strategy cannot track the sinusoidal waveforms without
complex modifications such as coordinate transform.

As can be seen in Figure 6, the controller requires
multiple frame transformations, and it can be diffi-
cult to implement by using a fixed-point digital signal
processor (DSP). Also, the controller needs a refer-
ence voltage for the g-axis and d-axis. These type of
controllers are not suitable for AC signals.

3.3. ACside PR controller

In contrast to the PI controller in dq synchronous
frame, without using any transformation blocks, ac
quantities can be applied directly to the SVM by the PR
controller. For the aim of this study, a single-loop PR
controller was used in the ac-side control. Under the
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Figure 6. Control scheme based on PI controller in dq syn-
chronous frame for the ZSI.
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load disturbance accompanied by the rapid response,
the proposed controller can provide the sine voltage.

In Equation (15), the optimal PR controller is formu-
lated:

2K;s
Gpr(s) = Kp + —— 2 (15)
+ o
In this equation, K;, and K; refer to the PR coefficients
determining the response speed of the system to the
step input signal and the response to a sinusoidal sig-
nal at the fundamental frequency, respectively. w refers
to the fundamental angular frequency. The ideal PR
controller, formulized in Equation (15), exhibits an infi-
nite gain and the output error. Therefore, the ideal PR
controller has a small frequency bandwidth and it is
vulnerable to any change in frequency. To solve these
limitations, the cut-off frequency (w,) is applied to the
PR controller for practical usage (16).

N

Gpr(s) = Kp + K (16)

—
24 2wes + of

To show the effect of PR parameters better, we changed
the Ky, Ki, o respectively. Then, we performed anal-
ysis to identify the effect of each variable on the tran-
sient performance. As seen in Figure 7, assuming that
K; = 0 and w. = 1, with Ky, while there is an increase
in the magnitude of each harmonic component, there
is a decrease in the system phase. Reference tracking
and disturbance rejection result are directly related to
the K.

Figure 8 shows the influence of the K;. When the
K; increases, the magnitude at the PR controller also
increases. The change in K; influences the controller’s

o
=
g g
T
2
=
m.g :
g = Ki increase
__90
& 45
=2
o 0
7]
&5
o

-90

10’ 102 10% 104

Figure 8. Frequency characteristics of the PR when K; changes.
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Figure 9. Frequency characteristics of the PRwhen w, changes.

dc-side controller

DSVMi—={ ZSIMLC Fite Load

ac-side controller

Figure 10. Control scheme based on PR controllers for the ZSI.

stability margin. When the K; increases, a decrease
is observed in the steady-state error, but the stability
margin of the controller also decreases.

As seen in Figure 9, when there is a change in w,,
both the system magnitude and phase are influenced.
The frequency band and magnitude decrease when w,
increases. Therefore, it is important to determine the w,
value while designing a PR controller.

Figure 10 shows the control scheme prepared
depending on the PR controllers for the proposed ZSI.
To generate the switching signals, the modulation index
(M) and shoot-through duty cycle (D) are needed by
the SVM block. The modulation index (M) and shoot-
through duty cycle (D) were formed by dc-side con-
troller first, and then the ac-side controller.

4. Simulation results-part I: performance
analysis of the proposed controller

The control method proposed in this study was tested
with simulations for linear and nonlinear load to exam-
ine the control strategy behaviours in terms of the
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Figure 11. Capacitor voltage (V) response for 20% input volt-
age step down (a) RL load; (b) nonlinear load.

ZSI model. Some of the system parameters have been
already outlined in Table 1. Additionality, the output
filter parameters are Ly = 10 mH and C; = 50 uE. The
non-linear load is a type of a three-phase diode rectifier
connected by R load 29 Q.

Testing of the proposed method was carried out for
two conditions:

Ist: 20% input voltage drop (450 V to 360 V) at 0.1s.
2nd: 50% load decrease at 0.1 s.

The results are shown in Figures 11-18. As under-
stood from Figures 11 and 12, overshoots and oscilla-
tions in the capacitor voltage are compensated by the
control method proposed in this study. Through this
way, the safety of the system is ensured.

As observed in Figure 13, to be able to acquire
the desired ac output voltage, the shoot-through duty
cycle (D) increases with a transient regulation when the
input voltage decreases. Figure 14 shows that with the
decreasing of the load, the shoot-through duty cycle (D)
increases for obtaining the desired ac output voltage.

Figure 15 shows that during the decreasing of the
input voltage, the dc line voltage increases; that is, con-
trary to previous researches, it is not kept constant.
Moreover, it can be observed in Figure 16 that a stable
dc line voltage before and after the load change occurs.

Figure 17 shows an enlarged version of Figures
15 and 16 presents the dc line voltage with the
shoot-through states and non-shoot-through states.
The dc-link voltage is properly adjusted around the
value that is determined as reference during the
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Figure 13. Shoot-Through Duty Ratio (D) response for 20%
input voltage step down (a) RL load; (b) nonlinear load.

non-shoot-through. Also, it is understood from this
figure that due to the short-circuit of the dc line, the dc
line voltage is zero during the shoot-through states.

In Figure 18, following changes in the input voltage,
the output voltage and current are seen. What should
be noted here is that the current has been scaled up to
10 times the existent value that can be compared with
the voltage. Also, the ac voltage and current during the
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load changes are shown in Figure 19. In Figure 19, the
current has been scaled to five times the existent value
that can be comparable with the voltage.

As can be understood from the figures, the control
method proposed in this study presents a well dynamic
performance for both linear and non-linear loads, and
the output voltage of the inverter becomes stable in the
0.5-1 period during a disturbance.
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Figure 16. Dc line voltage (V;) response for 50% load change
(a) RL load; (b) nonlinear load.
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Figure 17. The zoomed version of the dc line voltage.

5. Simulation results-part ll: comparison of
the performance of the ac side controllers

In this section, it is aimed to compare the performance
of the ac-side controllers. The simulation studies were
conducted to be able to verify the steady-state and
dynamic performances of controller schemes discussed
in the study. When using a PI controller in dq syn-
chronous frame of the ac side of ZSI, the output voltage
cannot track the reference voltage without the steady-
state error as presented in Figure 20. On the other side,
the PR controller of the ZSI can track the sinusoidal ref-
erence voltage without steady-state error. In Figure 20,
it is seen that the PR based controller provides a shorter
settling time compared to the PI-based controller.
Figure 21 presents the transient performance of the
controllers during a 20% step-down change of the input
voltage. It is understood that compared the PI con-
troller, the PR controller reaches a very fast response
time in tracking the output voltage reference. While
PR controller can reach the steady-state within 0.018 s
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Figure 18. Phase-A output voltage (Vout) and Output current
(lout) response for 20% input voltage step down (a) RL load; (b)
nonlinear load.
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Figure 19. Phase-A output voltage (Vout) and Output current
(lout) response for 50% load change (a) RL load; (b) nonlinear
load.

(less than one cycle), the PI controller can reach the
steady-state within 0.045 s (more than two cycles).
Similar performance measurements can be seen
in Figures 22 and 23 in terms of capacitor voltage
and shoot-through duty ratio, respectively. Reducing
the capacitor voltage ripple is an important issue for
decreasing switching voltage stresses and switching
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Figure 20. The output voltage of ZSI obtained by using PR and
Pl controllers.
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Figure 21. Comparison of the controller performances for 20%
input voltage step down.
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Figure 22. Capacitor voltage (V,) response for 20% input volt-
age step down.

losses. In Figure 22, it is seen that compared to the tra-
ditional PI controller, the PR controller regulates the
capacitor voltage reference value 3 times better. In the
same way, the maximum voltage stress will increase
when the shoot-through duty ratio increases. There-
fore, stable and smooth shoot-through duty ratio pro-
vides less switching losses.

AC side controller performances were compared
depending on a simulated benchmark. According to
Figures 20-23, the proposed controller gives a better
performance not only for the dc side but also for the
ac side of ZSI. Also, a summary of that study results are
shown in Table 2. It is understood from this summary
that the PR controller can be shown as the more suit-
able controller than the PI controller for the AC side of
ZSIs.
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Figure 23. Shoot-Through Duty Ratio (D) response for 20%
input voltage step down.

Table 2. Summary of the AC side controller performances.

Comparison Criterion PR Based Controller Pl Based Controller

Dynamic Response 18 ms 45ms
Capacitor Voltage Ripples 2.2% 14.3%
Output Voltage THD 2.2% 4.02%
Switching Losses Low High
Complexity Low High

6. Conclusion

In the study, a proportional-resonant (PR) controller
having a new approach for a Z-source inverter (ZSI) was
developed to use in the distributed generation (DG)
applications. In order to regulate the capacitor voltage
on the dc side, a proportional-integral (PI) controller
was designed. A dynamic model of ZSI was given. In
the proposed model, the control variables were the
shoot through duty ratio (D) and the modulation index
(M). In addition, to obtain a successful model, 3 oper-
ation conditions (active, zero, and shoot through) were
taken into consideration. A control method depending
on the distributed space vector modulation eliminat-
ing the disadvantages observed in the previous studies
was utilized for ZSI. Furthermore, different load condi-
tions, which were taken into account for the proposed
method with a novel approach, were investigated. The
performance of the control scheme proposed in this
study was investigated by simulation results. Simulation
results showed that considering the sudden changes in
the input and output sides, the proposed controller had
superior reference tracking compared with the conven-
tional PI controller. Switching modulation techniques
with a new approach can be used in future research
for mitigating the switching losses. For this reason, a
novel soft-switched ZSI topology will be considered in
a future study conducted by the authors.
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