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ABSTRACT In this study, an iterative reduction based heuristic algorithm (IRHA) based closed loop control
and space vector PWM (SVPWM) control of the Z-source inverter are implemented in hardware. The third
harmonic addition method is used to realize the SVPWM structure in programmable embedded environ-
ment. The control parameters are optimally determined by IRHA to overcome the problem of instability.
The controllers are implemented in single Field-Programmable Gate Array (FPGA) chip using hardware
description language without help of any IP core units which increases speed, accuracy, compactness and
cost efficiency. Furthermore, power consumption of the controllers is lower than a conventional ones which
is prominent advantage of employing FPGAs. The effectiveness and accuracy of the control structure are
verified by experimental results.

INDEX TERMS Z-source inverter, space vector PWM, PID, FPGA, heuristic algorithm.

NOMENCLATURE
ZSI Z source inverter.
SVPWM Space vector PWM.
D Shoot through duty ratio.
M Modulation index.
B Boosting factor.
C Capacitor of Z-source network.
L Inductor of Z-source network.
U Output of the controller.
k Voltage space vector number(1, 2, · · ·, 6).
VDC ZSI dc line voltage.
VC ZSI impedance network capacitor voltage.
Vg ZSI dc input voltage.
Vref ZSI ac output voltage peak value (reference).
Vout ZSI ac output voltage.
VDEA Number of the Variable (Gene) in

DEA(1, 2, · · · , j)
x(u)j Upper limit values of variables.

x(l)j lower limit values of variables.
NP Population Size (number of the chromosomes)

in DEA NP ≥ 4(1, 2, · · ·, i).
F Mutation Control Parameter in DEA [0, 2].
CR Crossover Control Parameter in DEA [0, 1].

The associate editor coordinating the review of this manuscript and
approving it for publication was Shankarachary Ragi.

G Maximum Generation in DEA (1, 2, · · ·,Gmax).
1I Current ripple.
1VC Voltage ripple.
T0 Shoot-through switching period.
T1 Non shoot-through switching period.

I. INTRODUCTION
In the past years, DC motors have been used extensively
for industrial purposes [1]. Although the DC motor provides
high starting torque, it has some disadvantages that require
high maintenance and are not suitable for hazardous envi-
ronments [2]. Recently, however, induction has replaced the
labor force in the industry instead of the dc motor due to its
robustness, less maintenance requirements, high efficiency,
and low cost [3] , [4]. The efficiency of the induction motors
is highly dependent on the drive circuit, the PWM strategy
and the closed loop control structure. Motor drive circuits
are one of the most important areas of power electronics.
Conventional motor drive circuits are based on a Voltage
Source Converter (VSC) and consist of a diode rectifier front
end, a dc link capacitor, a dc inductor and inverter bridge.
However, the performance and reliability of this structure is
compromised due to faults in VSC structure, dead time and
general mode voltage [5]–[7].

Z-Source inverter(ZSI) is one of the power converter
topologies suitable for motor drive applications as in many
power electronics fields [8]. The most important advantage
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that distinguishes ZSI from other converter models is that it
has the ability to buck and boost single-stage conversion with
a shoot-through (ST) state added to the zero state. There are
basically three different ST control structures in the literature,
such as Simple Boost Control (SBC), Maximum Constant
Boost Control (MCBC), and Modified Space Vector Modu-
lation Boost Control (MSVMBC) [9], [10]. It is also possible
to classify closed loop control structures as direct DC link
control and indirect DC link control [11]. The peak dc-link
voltage is kept constant in the direct measurement technique;
However, the control scheme becomes more complex with
additional circuits. To overcome this limitation, the high-
est dc-link voltage is estimated using Indirect DC-link
control [11]. In Indirect DC-link control, there are two dif-
ferent methods based on measuring capacitor voltage VC in
the impedance source network and measuring VC capaci-
tor voltage and input voltage Vg to estimate peak dc-link
voltage [12]. However, in this case the speed of the control
unit becomes very important as the DC link voltage is con-
trolled indirectly. Because the sudden changes in the input can
lead to high voltage at the output, increasing the voltage stress
on the switch and causing harmonic distortion [13], [14].
FPGA provides very low latency for input-output process.
Owing to this reason, FPGA based palatforms have been
broadly used for accelerating many systems. The unwanted
voltage and current fluctuations that can be seen in the output
can be minimized by reducing the delay between the output
and the controller by using FPGA [15]. Apart from PWM and
closed loop control, the determination of the circuit parame-
ters of the ZSI is very important for the reliability of the drive
circuit. In this case, the power consumption and harmonic
distortion of the circuit are reduced by optimization studies
performed with the help of heuristic algorithms [16], [17].

PID control and PWM control are conventionally
implemented in general-purpose microprocessor systems.
FPGA provides many advantages over the conventional
approaches. In comparison with conventional PID realiza-
tion, high speed controllers with low power consumption
are obtained using FPGA. Furthermore, complex func-
tionality is realized by executing concurrent operations
in FPGA [18], [19]. Building SVPWM in FPGAs creates an
opportunity to recompute the space vector timers multiple
times during one switching period [20].

In this study, PWM control and indirect DC-link con-
trol structure is realized on a single FPGA based platform
considering speed factor. In the PWM control structure,
the Modified SVPWM structure is implemented on the
FPGA hardware with the help of third harmonic injection
method. PID structure used in closed loop is realized by
optimization of control coefficients by IRHA optimization
method. In addition, circuit parameters were determined by
differential evolution algorithm, which is one of the genetic
based optimization algorithms, and the results were deter-
mined by the deterministic method. The reliable and robust
our proposed control strategy [21] has been adopted on
hardware.

FIGURE 1. Z source inverter.

In closed-loop control, the importance of the speed factor
was confirmed by reducing overshoot to about 4%. Finally,
the experimental results are presented to the corroborate
FPGA based control strategy of ZSI.

The remainder of this paper is organized as follows.
z-source inverter design, control, dynamic behaviour analy-
sis and design parameters are presented in Section II. It is
followed by design of control parameters in Section III.
In Section IV hardware implementation of PWM and Closed
Loop Control are presented. In Section V, simulation and
experimental verifications are conducted. Finally, Section VI
concludes the paper.

II. Z-SOURCE INVERTER DESIGN
ZSI has a unique impedance network structure, as shown
in Figure 1, which consists of two ‘‘X-shape’’ capacitors and
two inductors.

As it is known, conventional VSIs have 8 different switch-
ing states. Unlike traditional VSIs, however, the ZSI has a
total of 9 different switching states with 6 active, 2 zero states
and 1 shoot-through. The ST states occurs when the load
terminals are shorted by both the upper and lower switches
of any phase. Since ZSI uses the traditional 8 state, common
PWM methods such as sine PWM and SVPWM can be used
with small changes in the zero state. The ST state can only be
placed in the zero states, the active states remain the same, and
therefore the AC output voltage of the inverter is similar to a
conventional inverter. This change in state of zero gives the
ZSI a unique boost or buck feature, depending on the change
in power from the DC source [8].

A. Z SOURCE INVERTER
Despite the simple structure of ZSI, the correct modulation
of the transducer is important for the converter dynamics in
all operating modes. Depending on the switching conditions,
we can distinguish ZSI in three different states described
below;

Active states: The state in which the inverter bridge oper-
ates in any of 6 active states. In this state, the DC line voltage
is seen on the impedance network, the capacity is charged and
energy is transferred to the load via inductors.

Zero states: The state in which the inverter bridge operates
in any of the two zero states. The DC source voltage is seen
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FIGURE 2. ZSI equivalent circuit in (a) nonshoot through state,
(b) shoot-through state.

FIGURE 3. For three-phase ZSI a. Basic space vectors and sectors b.
maximum boost control with third harmonic.

on the inductor and capacitor but there is no transmission to
the load.

Shoot-through state: During this mode, no voltage is visi-
ble throughout the load as in the case of zero-state operation,
but the DC voltage of the capacitor is increased to the required
value according to the ST duty ratio. The ST range is added to
the zero state in the specified range to boost the desired level.
Figure 2 illustrates the operation states of the converter.

B. ZSI CONTROL : MAXIMUM BOOST CONTROL
Space vector PWM (SVPWM) techniques are widely used
in industrial applications of the inverter, thanks to its advan-
tages such as low current harmonics, and higher modula-
tion index. SVPWM is suitable for controlling ZSI. How-
ever, unlike conventional SVPWM, themodified space vector
PWM (MSVPWM) has an additional shoot-through time (T0)
to increase the dc link voltage of the inverter. Although this
method is highly preferred, the hardware implementation of
theMSVPWMmethod can be quite difficult, unlike the tradi-
tional SVPWMmethod. Therefore, it has been found that this
method can be implemented with Maximum boost control
with third harmonic injection especially in order to avoid the
complexities and difficulties encountered in hardware [22].

Thanks to MSVPWM’s unique switching arrange-
ment, the capacitor voltage can be easily increased by
shoot-through.

FIGURE 4. Simulation results of Z-source inverter: Enlarged view of
capacitor voltage VC and inverter voltage VL.

The related equations are given as follow:

Vk =
(
2
3

)
Vg (1)

Vref max = Voutpeak = (

√
3
2

)Vk (2)

Voutpeak =
Vdcpeakm
√
3

(3)

m = 1− d (4)

Vdcpeak =
Vc

1− d
(5)

Voutpeak =
Vc
√
3

(6)

According to Equation 6, the MSVPWM offers the pos-
sibility to estimate the output voltage using only capacitor
voltage feedback. Therefore, no output feedback is needed
to control the ZSI output voltage. Thus, this method can be
used, especially in grid-tied applications.

C. ZSI MODELLING: DYNAMIC BEHAVIOR ANALYSIS
It must be assumed that inductors L1 and L2 and capacitors
C1 and C2 have the same value so;

VL1 = VL2 = VL
VC1 = VC2 = VC (7)

During shoot-through state;

VL = VC
Vg = 2VC

VDC = 0(ST ) (8)

During non-shoot-through state;

VL 6= VC , Vg = VDC = VL + VC (9)

The output peak phase voltage from the inverter can be
expressed as

V̂AC =
MV̂DC

2
=
MBVg
2

(10)

VOLUME 7, 2019 130867



A. R. Yilmaz, B. Erkmen: FPGA-Based SV PWM and Closed Loop Controllers Design for the Z Source Inverter

where B is the boosting factor

B = (
T

T1 − T0
) =

T
1− (2T0/T )

≥ 1 (11)

T = T0 + T1 (12)

In the ZSI modeling, the three states mentioned earlier are
considered. In this model, inductance current (iL(t)), capac-
itor voltage (vc(t)) and load current (ix(t)) are taken as state
variables.

When three operating modes are considered, the state-
space average model is obtained as in Equation13.

d
dt

 iLvc
ix

 =


0
2d − 1
L

0

1− 2d
C

0 −
m
C

0
2m
Lx

−
Rx
Lx


 iLvc
ix



+


Vdc
L

(1− d)

0
−Vdc
Lx

m

 (13)

As shown in Equation 14, the steady-state equations of
state variables can be derived from the state space model.

Vc =
1− D
1− 2D

Vg

IL =
1− D
1− 2D

Ix

Ix =
Vc
Rx

(14)

Small signal analysis was used to linearize the system
around an equilibrium point. In this analysis, the general form
of the variable is (x(t) = X+ x̂(t)), where X is the component
at the equilibrium point, x is the variable in the state space
model, x̂ is the perturbation signal. Using these formulas for
all variables, the state space model to be used for the dynamic
model can be obtained as in Equation 15.

 siLsvc
six

=


0
2d − 1
L

0

1− 2d
C

0 −
m
C

0
2m
Lx

−
Rx
Lx


 iLvc
ix



+


1− D
L

2VC − Vin
L

0

0 −
2IL
C

−
Ix
C

−
M
Lx

0 −
2VC − Vin

Lx

 (15)

State equations of small signal analysis of ZSI case are
given in Equation 16.

sîL =
(
2D− 1
L

)
v̂c +

(
2Vc − Vg

L

)
d̂

FIGURE 5. The effects of the variation of the inductance value and ST
time to with respect to 1I .

sv̂c =
(
1− 2D
C

)
îL −

M
C
îx −

2IL
C
d̂ −

Ix
C
m̂

sîx =
2M
Lx

v̂c −
Rx
Lx
îx +

(
2Vc − Vg

Lx

)
m̂ (16)

It is possible to control the transfer function using small sig-
nal equations and steady state equations. Therefore transfer
function of v̂c(s)

d̂(s)
to control output has been given as a third-

order transfer function in 18.

D. DESIGN PARAMETERS OF IMPEDANCE NETWORK
This section describes the parameter design of the Z source
converter to drive the Induction motor.

1) DESIGN OF INDUCTANCES
In ‘‘Active state’’, the input voltage is visible through the
capacitor and no voltage is visible through the inductor (only
a pure DC current flows through the inductors). During ST
state (boosting is involved), the inductor’s task is to limit
the current fluctuation during this boost mode. During ST,
the inductor current increases linearly and the voltage on the
inductor is the same as the voltage at the capacitor. In the
traditional eight state, the inductor current decreases linearly,
and the voltage on the inductor is the difference between the
input voltage and the capacitor voltage.

Average current through the inductor;

ÎL =
P
Vg

(17)

When there is a maximum ST, the maximum fluctuation
appears on the inductor. For this reason, themaximum current
fluctuation must be considered when selecting the induc-
tor (18), as shown at the bottom of the next page.

Inductor maximum and minimum currents;

ÎL = IL + 30%

ǏL = IL − 30% (19)

Calculation of inductor value;

L =
V ∗ T0

1I
(20)

The effects of changing the inductance value and ST ratio
according to 1I are shown in Figure 5.
As can be seen from Figure 5, as the inductance value

increases, the current jumps are less visible during ST time.
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FIGURE 6. The effects of the variation of the capacitance value and
ST time to with respect to 1VC .

TABLE 1. Parameters of ZSI.

However, since this directly affects the yield, an optimum
design must be made.

2) DESIGN OF CAPACITORS
Limiting the capacitor voltage fluctuation (1VC ) to about 3%
at maximum power (usually used in most applications for
ZSI), the capacitor can be roughly calculated;

C =
IL ∗ T0
1VC

(21)

It is evident from the Figure 6, the selected capacity value
directly affects the voltage jumps during shoot through times.
For this reason, the selection of the circuit parameters must
be optimally determined.

III. DESIGN OF CONTROL PARAMETERS
Although the PID control method is effective, the success
of the controller depends on the control parameters to be
used. In power electronics systems, controller design, i.e.
optimization of control parameters, requires fine tuning pro-
cess. Therefore, in this study, the previously proposed and
analysed [21] IRHA optimization method is utilized. The
genetically based optimization is described under modified
differential evolution algorithm (MDEA).

In the process of designing closed-loop control parameters
for ZSI, the stability of the system must be checked at every
iteration. This control is based on DEA with IRHA model.

FIGURE 7. Flow chart of modified differential evolution algorithm.

FIGURE 8. IRHA based control system [21].

FIGURE 9. FPGA based control system design for both SVPWM and PID
controls.

As seen in Figure 7, unlike the traditional DEA structure, dur-
ing optimization, each set of iterations eliminates the unstable
solution sets and optimizes this way.

As seen from the Figure 7, the traditional algorithm, DEA,
is modified by elimination of unstable solution sets. More-
over, the parameters of DEA are x(l)j = 0 ,x(u)j = 0.1,
NP = 2000, VDEA = 4, F = 0.8, CR = 0.5, G = 50.

As a well-known method utilizing in optimizing PID
parameters is minimizing integral mean square of the perfor-
mance output which is generally taken as difference between
reference input andmeasured output as shown in the Figure 8.

IV. HARDWARE IMPLEMENTATION
In the our previous study [21] algorithmic based infrastruc-
tures have been prepared for the realization of the system,

Gv̂cd̂ (s) =
v̂c(s)

d̂(s)
=

(−2ILLxL) s2 +
(
2LxVc − LxVg − 4DLxVc + 2DLxVg − 2ILLRx

)
s

CLxLs3 + CLRxs2 +
(
4LxD2 − 4LxD+ 2LM2 + Lx

)
s+

(
4RxD2 − 4RxD+ Rx

)
+

(
2RxVc − RxVg − 4DRxVc + 2DRxVg

)
CLxLs3 + CLRxs2 +

(
4LxD2 − 4LxD+ 2LM2 + Lx

)
s+

(
4RxD2 − 4RxD+ Rx

) (18)

VOLUME 7, 2019 130869



A. R. Yilmaz, B. Erkmen: FPGA-Based SV PWM and Closed Loop Controllers Design for the Z Source Inverter

FIGURE 10. DC link voltage (VDC ), Output voltage (Vx ) and Output current (Ix ) response for different
input voltages (Vg) in closed-loop system.

FIGURE 11. The space vector modulator block.

which has proven robustness, in hardware. The implemen-
tation of PWM control and closed loop control methods in
FPGA is explained extensively in this section. Figure 9 shows
the hardware implemented structure.

A. PWM CONTROL IMPLEMENTATION
In order to generate an AC voltage of the required amplitude
and frequency from a fixed DC source, the inverter switches
are turn on and off using a modulating circuit. The efficiency
of the inverters depends mainly on the PWM process to be
used.

SVPWM is a widely used real-time modulation technique
for voltage source inverters (VSI). Due to the complexity of
this inverter model, it may be difficult to implement it on
hardware. When examining the SVPWM generation steps,
the physical limits in terms of maximum voltage output can
be exceeded by the use of third harmonic injection as can be
seen from Figure 11. Thus, we have avoided a lot of process

FIGURE 12. A PID based closed loop control system architecture.

complexities and the desired modulation has become possible
in the FPGA environment.

B. CLOSED LOOP CONTROL IMPLEMENTATION
Speed is an important factor in closed-loop controls. Besides,
having a programmable structure of the system directly
affects the performance of the system.

In this study, FPGA based PID controller is used for
closed loop control. The controller coefficients were designed
offline using the IRHA optimization method and then inte-
grated into the FPGA.

The digitized control law equation can be written as:

Un = Un−1 + K0en + K1en−1 + K2en−2 (22)

where;

K0 = Kp + Ki + Kd
K1 = 2(Ki + 2Kd )

K2 = Kd (23)

The control scheme is given in Figure 12.

V. RESULTS
In this section, simulation results and experimental results are
discussed separately. With these results, it is aimed to prove
the reliability of the proposed method.
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FIGURE 13. VHDL code simulation for MSVPWM control.

FIGURE 14. VHDL code simulation for PID control.

A. SIMULATION RESULTS
The complete design has been developed by using
Matlab/Simulink for various operating conditions and
then simulated and synthesized atVivado Design Suite
/ISIM for FPGA implementation. In this research,

the switching frequency is fixed to 2 kHz for all criteria of
the system.

Figure 10 shows the response of the output values as a
result of changes in the input voltage. The operation of the
proposed structure and its resistance to deterioration were
demonstrated in the simulation environment.

Designed for the PWM control side, the model is
realized by writing the VHDL (Very High Speed Inte-
grated Circuits Hardware Description Language) code in
Vivado Design Suite without help of any IP core to
achieve a plain design. The study of the designed model was
first observed in the simulation system with the help of ISIM
(Figure 13). As shown in Figure 14, the PID control structure
is written on the same FPGA platform as PWM control and
its operation is verified by ISIM.

B. EXPERIMENTAL RESULTS
In order to demonstrate the effectiveness of the proposed
control method on FPGA, the controller of the prototype Z
source inverter was installed in the laboratory. DC voltmeter
was used as A / D converter and the required PWM signal was
generated using the capacitor voltage level.With the designed
controller, the system has shown good reference tracking and
distortion rejection features.

The programmable structure of the FPGA provides the
flexibility to make the desired changes or adjustments to
real-time control algorithms without the need for changes to
hardware. The parameters of the set up are listed as follows:
L = 1 mH , C = 1.32 uF , Lx = 300 mH , Rx = 200�.

FIGURE 15. ZSI experimental setup.

FIGURE 16. Experimental results of FPGA switching output.

Figure 16 shows the first 4 of the 6 switching signals
obtained at the FPGA output. When the results were exam-
ined, it was seen that ST ratio was added to the period at
the desired value appropriately. ST state is integrated into the
system with maximum boost control method.

The three-phase voltage obtained at the IPM output
with the applied switching signal is shown in Figure 17.
At the output of the semiconductor switches triggered
by SVPWM technique, the desired 3-phase signal is
obtained.

In order to demonstrate the operation of the closed loop
controller, the input voltage was increased by a certain ratio
and the change of the DC bus voltage and phase-to-phase
voltage was observed.

Figure 18 shows the experimental results against 20%
increase in the input voltage. FPGA implementation in the
closed loop has increased the feedback speed considerably,
which means that the system has a good level of rejection.

Similarly, the effect of the 20% increase in the input voltage
on the DC bus is shown in Figure 19.
When the Figure 20 is examined, it is seen that the 30%

decrease in the input load corresponds to the DC line voltage.
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FIGURE 17. Experimental wave forms of the voltage between phases.

FIGURE 18. Simulated results for response of the Z-source inverter phase
voltage subjected to step change in input voltage.

FIGURE 19. Response of the Z-source inverter DC link voltage subjected
to step change in input voltage.

TABLE 2. Source information used in FPGA.

Figures 19 and 20 show that changes in the input signal
are not reflected in the output. In this design, Xilinx Nexys
4 DDR development card is used and the resource informa-
tion used is shown in Table 2.

FIGURE 20. Response of the Z-source inverter DC link voltage subjected
to step change in input voltage.

FIGURE 21. Power analysis from FPGA design.

The dynamic Power consumption of FPGA each resources
used in this system is shown in Figure 21.

VI. CONCLUSION
In this study, a method for controlling DC line voltage and
output voltage is proposed to overcome the ZSI power loss
problems. Instead of directly measuring the output voltage,
the capacity voltage is measured and the DC line voltage
is estimated and thus the output voltage is controlled. For
this purpose, the Z-source inverter is modeled by a state-
space-average technique and the related transfer functions is
derived.

PWM control and closed loop control units are imple-
mented in FPGA environment without help of any IP core
to increase performance in terms of resources and speed.
The programmable structure of the FPGA provides both the
flexibility and low latency demanded by control units. Power
consumption is reduced considerably by implementing the
controllers on a single FPGA platform.
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