Digital Controller Design and Implementation for
AC and DC Side of 3ph gqZSI

Shwetank Agrawal, Student Member, IEEE, Barjeev Tyagi, Member, IEEE, Vishal Kumar, Member, IEEE, and
Pawan Sharma, Member, IEEE

Abstract—This paper presents the multi-loop digital controller
design of a quasi-z-source inverter (qZSI). The qZSI is a single-
stage power converter and can operate in buck and boost modes.
The qZSI is an economical solution for distributed generation and
eliminates the need for two-stage power conversion. This paper
proposes a detailed step-wise digital controller design using a
multi-loop control method. The controllers of the AC and DC
sides are designed separately. A proportional controller is used
for the inner current control loop on both the AC and DC
sides. In contrast, for outer voltage loop control, the proportional
and resonant (PR) controller is used on the AC side, and the
proportional and integral (PI) is used on the DC side. In designing
the digital controllers, the effect of the sensor gain and low pass
filter (LPF) in the feedback path is also considered. Furthermore,
to mimic the behavior of the synchronous generator, the droop
control is used to generate the reference voltage for the AC side
of the controller. The time domain simulations are carried out
to verify the designed controllers. Experimental results are also
presented for the validation of the proposed controllers.

Index Terms—Digital controller design, droop control,
proportional-integral controller, proportional-resonant controller,
quasi-z-source inverter.

I. INTRODUCTION

N recent years, there has been a significant increase in re-

search on distributed generation and microgrids, driven by
the growing adoption of renewable energy sources (RES) such
as solar and wind power. To extract the electrical power from
RES in standard form, i.e., fixed voltage and frequency, power
conditioning is performed using a voltage source inverter
(VSI) or current source inverter (CSI). Further, the inverter
studies can be classified into two domains i.e., hardware design
and control design. From a hardware design point of view,
conventionally, two-stage topology is used to extract the power
from variable low DC voltage RES, as variable DC voltage is
unsuitable for directly generating a fixed AC output. In this
topology, the variable DC voltage is first converted into a fixed
high DC voltage using a DC-DC converter. Then, a VSI is
employed to convert the fixed high DC voltage into the desired
AC output. In some cases, an isolated three-phase transformer
is connected to the inverter output to provide galvanic isolation
and step up the AC voltage if needed [1], [2].

The two-stage topology is not cost-effective as reported in
[2]. The alternate solution of two-stage topology is proposed
in [3] as a z-source inverter (ZSI). The ZSI is also known as
a single-stage buck-boost inverter [3]. The ZSI utilizes zero
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vector time intervals to boost the DC-link voltage by shoot-
through. Zero vector time interval is defined when all upper
or lower switches of the three-phase bridge are turned on. The
shoot-through phenomenon occurs when the upper and lower
switches of a single leg or all three legs of the three-phase
bridge in the ZSI are turned on simultaneously.

The ZSI, despite its advantages, suffers from a drawback of
non-continuous input current [4]. This limitation requires the
use of capacitors with high capacitance ratings. In contrast,
the quasi-Z-source inverter (qZSI) overcomes this issue by
enabling continuous input current from a DC energy source.
This characteristic allows for utilizing smaller capacitors in the
input impedance network, reducing manufacturing costs while
ensuring the desired functionality is maintained [4], [5].

From a control point of view VSI and CSI are mainly
classified as current control and voltage control inverters. The
inverters are also named as voltage-controlled voltage-source
inverter (VCVSI), current-controlled voltage-source inverter
(CCVS)), voltage-controlled current-source inverter (VCCSI),
and current-controlled current-source inverter (CCCSI) [6]—
[8]. The closed-loop control of the gZSI is an active area of
research. The qZSI has two sides, AC and DC.

On the DC side of gZSI, an indirect control method
regulates the DC-link voltage [9]. This is necessary due to
the pulsating nature of the DC-link voltage caused by shoot-
through intervals. The capacitor voltage in the impedance
network is controlled using a proportional and integral (PI)
controller in the indirect control method. In [10], the reference
for the capacitor voltage is generated by taking the average of
the input voltage and the desired DC-link voltage. However,
the inductor current in the impedance network is not actively
controlled in the previous studies [9]-[12], which may lead to
inductor saturation and potential damage.

On the AC side of qZSI, control is performed either using
a multi-loop or single-loop control methodology. In multi-
loop control, a proportional (P) controller is used as the inner
current controller, and a PI or proportional-resonant (PR)
controller is employed as the outer voltage loop controller
[9], [11]. The advantage of using a PR controller is that
it achieves zero steady-state error without requiring compu-
tationally intensive reference frame transformations [12]. In
single-loop control, PR [13], model predictive control (MPC)
[14] and model predictive control using joint voltage vector
(MPCVYV) [15] are incorporated. However, previous studies
[9]-[15] neglected the effects of sensor gain and low-pass
filters (LPFs) used in the feedback path, which can cause
stability issues in the system.



Moreover, the digital control design for the qZSI has not
been extensively explored. To implement the control algorithm
in a digital signal processor (DSP), digital controllers are
required. Additionally, the conventional methods for shoot-
through pulse generation involve the use of “OR” gate ICs to
combine the AC and DC controller outputs or fully software-
based solutions [9], [14].

In this paper, modeling of AC and DC sides are done
separately to design the controller for each side. On the DC
side, the inner current control loop employs a proportional
controller, while the capacitor voltage control loop is designed
using a PI controller. The AC side controller is designed in
a stationary reference frame, with a proportional controller in
the inner current control loop and a proportional-resonant (PR)
controller in the outer AC voltage control loop. The feedback
signals in the control loops include the sensor gain and low-
pass filter (LPF) which effects the system stability. These
stability issues are considered in designing the controllers.
This paper also introduces a two-timer method to reduce the
computation and complexity in the pulse generation form con-
troller. Furthermore, droop control is incorporated to emulate
the behavior of a synchronous generator, which determines
the reference for the AC-side voltage control loop. Finally,
the designed digital controller is verified through time domain
simulations and experimental results. The main contributions
of this paper are summarized as follows:

o Multi-loop indirect control on DC side.

o While designing the AC and DC side digital control,

sensor gain and LPF are considered in the feedback path.

o Discretization of the AC and DC side for designing the

discrete controllers.

o DSP control implementation algorithm for the multi-loop

control with shoot-through capability using two timers.

The remainder paper is divided into five sections. Section
IT presents the small signal modeling of qZSI. Section III
describes the step-wise procedure to design the digital control
of qZSI. Section IV deals with the controller implementation
in a digital signal processor (DSP). Section V shows the time
domain simulation and the experimental results. Section VI
concludes the paper.

II. SMALL SIGNAL MODELING OF QZSI

Fig. 1 shows the three-phase voltage-controlled voltage-
source qZSI. The small signal modeling of the AC and DC
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Fig. 1. Basic three-phase voltage-controlled voltage source qZSI.

sides is done separately to have different controllers on each
side. The DC side controller response is slower than the AC
side controller [9], [16]. The AC and DC controller response
speed difference decouples both side dynamics. The modeling
of the AC and DC side helps in designing the controllers. In
the following sub-section, the AC and DC side modeling is
explained.

A. AC Side Modeling

The modeling of AC side qZSI is similar to the well-
developed literature for the three-phase inverter. The modeling
is performed in stationary o reference frame at the secondary
side of the transformer. The advantage of modeling in station-
ary af reference frame is the non-existence of any coupled
terms as in the synchronous dq reference frame case. The AC
side dynamic equations (1) and (2) for the three-phase system
in af reference frame are derived by applying Kirchhoff’s
voltage law (KVL), and Kirchhoff’s current law (KCL) for
each “z” (z = «, ) [1].

Ly 5t + Rypise = Vi — Vog (1)
ov . .
C(f % = iz — lox )

ot

where Ly, Ry, and Cy are filter inductance (equivalent
transformer leakage inductance), filter resistance (equivalent
transformer resistance), and filter capacitance, respectively. i;,,,
Viz, Voz, and i,, are inverter current, inverter pole voltage,
capacitor voltage, and load current, respectively. Further, the
inverter voltage and modulation index required to get the
desired output AC voltage are related as (3).
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2

where V., N, and m, are DC bus voltage, transformer turns
ratio, and modulation index, respectively. The AC side model
in continuous domain shown in Fig. 2 is developed by applying
Laplace transform on (1) and (2) and combining with (3).
From Fig. 2, the filter inductor current and output capacitor
voltage transfer functions are derived using Mason’s rule.
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Fig. 2. AC side model block diagram of qZSI in af3 reference frame.




Fig. 3. Equivalent circuit of DC side (a) Under shoot-through, and (b) Under
non-shoot-through conditions.

B. DC Side Modeling

For DC side modeling, the three-phase inverter bridge and
the AC load are represented as a single switch and a current
source connected in parallel [9]. Fig. 3(a) and Fig. 3(b)
represent the shoot-through and non-shoot-through states of
DC side gZSI. The model is developed by state-space aver-
aging technique during shoot-through and non-shoot-through
intervals. For simplification, assumption are taken as C' =
Cy = Cy,L = L1 = Lo, inductor resistance » = r; = ro,
and series resistance of capacitor R = R; = Rs. The shoot-
through duty cycle is define as Dy = Ty /Ts,where Ty and T
are shoot-through interval and time period respectively. The
averaged state-space model for the DC side of qZSI is given
by (6), (7), (8) and (9).

0l
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Rtz = —(r+R)I5+ D,Voy — (1 — D)V
ot = r L2 sVC1 s)VC2 7
+R(1 - Ds)Idc
AV,
c afl = (1= D)y — Dylps — (1 — D)lge  (8)
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C 8? = Dyl + (1= D)y — (1= D)lge (9

where I;q, and I are inductor currents, Vo1 and Voo are
capacitor voltages, V;, and I;. are input dc voltage and
equivalent DC side three-phase bridge current of impedance
network respectively.

Now for small-signal model, perturbations %Ll, i L2, JS, Vo1,
Vo9, and i4e are included in Iq, I1o, Dy, Ve, Voo, and 1y,
respectively. The obtained small-signal model for the DC side
of qZSI is shown by (10), (11), (12) and (13).

i - . .
L ail =—(r+R)ip1 —(1- Ds)vc~1 + Ds”Cf (10)
+R(1 — Dy)ige + Vi1ds
102 _ (r+ R)irs + Dyt — (1 — Dy)o
ot = —\r 112 sUc1 — ~_ s /UCLQ (11)
+R(1 - Ds)idc + Vllds
Cagfl = (1—DS)EL1—DSZLQ_(l_Ds)%dc_IlICZS (12)
00co ~ ~ x 7
C :—DSZLl+(1—D5)7/L2_(1_Ds)7/dc_lllds (13)

ot

Fig. 4. DC side model block diagram of qZSI.

where Vi1 = Vo1 + Voo — Rl and 111 = I + 1o — 4.
Further for simplification assumption is taken as I, = I;; =
I1o and Vo = Vo1 = Vieo. Applying the assumptions on (10),
(11), (12) and (13), the equations are reduced as (14) and (15).

a:L:L o ~ ~ ~
LW = 7(7“ + R)ZL — (1 — 2Ds)'UC + R(l - DS)ZCiC (14)
+Vid,
8’50 ~ ~ 7
CW = (1-2Dy)ir — (1 — Dy)ige — Iids  (15)

where V} = 2V — Rl and I} = 2I; — I4.. Using (14)
and (15), the DC side model in the continuous domain of
qZSI is developed by applying the Laplace transform, shown
in Fig. 4. The transfer function for EL and ¢ is derived from
Fig. 4 using Mason’s rule.

Gle(s) = L&
() = £

1dc=0

ViC's — I,(1 — 2D,)

= 16
LCs?2+C(r+ R)s+ (1 —2D;)? (16)

v 1
Gle(s) = 2< = 17
o= =g a7

The steady-state values of capacitor voltages (18) and (19)
are obtained by taking the average voltage across the inductor
equal to zero. The detailed derivation is mentioned [5], [17].
The peak value of the DC-link voltage is shown by (20), and
B as a voltage boost factor.

1— Dy
Ver= 1 —5p Vin (18)
D
Ver = =55 Vin (19)
N 1
Vie=Ver+Ver = 7—5="Vin = BVin  (20)

Notice that the three-phase bridge output under steady-state,

i.e., peak AC voltage (phase to neutral), can be written as (21).
1V

T2 1-2D,

where M is the modulation index. For simple-boost PWM

technique, modulation and shoot-through duty cycle have
inequality relations as (22) [18], [19].

1 -
V})eak}(LN): §'Vdc'M M (21)

M < (1-D,) (22)



Hence from (20), (21), and (22), it is analyzed that the DC-
link voltage and AC output can be controlled using shoot-
through duty cycle and modulation index.

III. CONTROLLER DESIGN FOR QZSI

The AC side and DC side controllers are designed sepa-
rately. All the system parameters used in the control design
are shown in Table I. For the feedback control loop, voltage
and current sensors are used to reduce the system voltage to
the controller signal level voltage. Along with sensors, LPF
are used to filter out the noise that occurs due to PCB layouts
and EMI interference. Hence the generalized transfer function
for the AC current and voltage sensor, and DC current and
voltage sensor along with LPF is shown by (23), (24), (25),
and (26).

ac

Gi() = e 517 (23)
GE(5) = o 2 e
G = oy 03
Gi(s) = e 20
where K7¢, T2, K¢ and T'¢ are AC current sensor gain,

AC current sensor time constant, AC voltage sensor gain, AC
voltage sensor time constant respectively, and Kd¢, Tde, Kd¢
and T are DC current sensor gain, DC current sensor time
constant, DC voltage sensor gain, DC voltage sensor time
constant respectively.

In addition, the digital controller implements one sample
period computational delay. Hence the one sample unit delay

is also added while designing the AC and DC side controllers.

TABLE I
SYSTEM PARAMETERS

Parameter Value Parameter Value
R1, R2 0.472 Ry 4.687552
C1, Ca 560uF Cy 2.5uF
L1, Lo 500 H Ly 14uH
r1, ro 0.03Q2 fo 50Hz

Vi 70V to 110V fs 10kHz

Viase(LL) 415V Tg¢, Tfe 0.001sec
Shase 3kVA Tde Tde 0.006sec

Viase(DC) 180V Kg§ 0.00295

mp 0.5pu/sec Kde 0.00555
mq 0.05 Kge 0.1694
Ty 0.2sec Kde 0.06
Tsp 1msec Tsqe Imsec
Tsac 0.1lmsec T 3ph,3kV A

60/415V,A/Y

A. AC Side Controller Design

Now to design the controller in the discrete domain, the
discretization is performed on the AC side of the qZSI. Fig. 5
shows the discrete model of the AC side of the qZSI along the
multi-loop control method. The inner control loop is a current
control, whereas the outer control loop is a voltage control.
A proportional controller is used in the inner control loop to
respond faster and have no additional phase delay [9]. The
outer control loop uses the PR controller to provide a stable
three-phase balance voltage. Using the PR controller provides
an advantage of zero study state error [11].

The zero-order hold (ZOH) transformation is used to dis-
cretize the G¢¢(s) and G pg(s) and tustin method for discretiz-
ing the G%¢, G?¢(s) and G25(s). The reason for using ZOH
for the forward path is to include the sampler and ZOH delay,
whereas in the capacitor voltage and feedback path Tustin
method is used, as it has no additional phase delay [20]. The
unit delay is also added in the forward path as a one-sample
computational delay is present in the digital implementation
of the controller [21]. The AC side is discretized with a T,
sample time. Now the following steps are performed to design
the inner and outer loop controller.

Step 1: From Fig. 5, the open loop gain of the inner current
control loop can be derived as (27)

Te() = Kif 27 GI() GG @)
in which
Vdc C’fs
G (2) = Z,on | — - N -
m(z) oh 2 Lfo82+RfoS+ 1
(28)
Kge Y(z

) = i =T )

Tis ° Teac T+z—1 +1 (Z)
where K, (28), (29), Y(2), and X (z) represent AC

side proportional current controller, discrete current
transfer function, discrete current sensor gain and
LPF transfer function, sensor output in Z domain and
sensor input in Z domain, respectively. To define the
LPF parameters, (29) is transformed (using inverse
Z-transform) in the form of discrete time polynomial

equation as (30).
yln] = Ky -zn|+xn—1] - Ko -y[n — 1] (30)

where K1 = Tsac/(Tsac+2-T7°) and Ko = (T —2-
T26) ) (Tsac+2-TFC) are the parameter of the LPE. In
the subsequent section, the LPF parameter is defined
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Fig. 5. Discrete AC side control block diagram using multi-loop control in
a3 reference frame.
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Fig. 6. AC-side inner current loop root loci.

similarly as (30). Now, the root loci method is used to
define the proportional gain of the current controller.
The characteristic equation of the inner current control
loop is shown as (31).

1+T(z) =0 31

Fig. 6 shows the root loci of (31) with and without
the AC current sensor filter (G¢¢(z)). From Fig. 6,
it is clear that the filter causes stability issues in the
system as it shifts the root loci outside the unit circle
as the gain of the system increases. Now the gain of
the current controller is selected such that the root lies
within the unit circle to ensure stability. The Kjj7 is
set to 0.13, with the damping ratio of complex poles
equal to 0.0209.

From Fig. 5, the open loop gain of the voltage loop
can be derived as (32).

T7°(2) = Gpr(2)-GOL;(2) Geg(2) - Gg(z) (32)
in which

GPR(Z) = Zzoh [Kff;—i—

K% (s cosl. — wy - sinb..)

2 4w s+ wt (33)

GOLE() = 1o 0] (34)
1+ Kgz LGee(2)Goe(2)

GE5() = Ti = G3)

G = o TK+ — 36)

where (33), (34), (35) and (36) represent the dis-
crete phase compensated PR controller, inner current
controller closed loop, capacitor, and discrete sensor
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Fig. 7. Frequency response of AC side open loop gain of voltage loop with
unity controller.

Step 3:

Step 4:

Step 5:

transfer function, respectively. Now the PR controller
parameters are designed in the subsequent steps.
The w; in (33) is the system frequency i.e. 1007
rad/s. Generally, the resonant bandwidth w. is ad-
justed between 2 and 10 rad/s to deal with frequency
deviation. The resonant bandwidth helps achieve the
frequency deviation that occurred due to P — f droop
control. Here w, is set to 3.1416 rad/sec, considering
1% deviation in system frequency [22].

As shown in Fig. 5, the total phase delay caused in
the voltage control loop is the sum of inner current
loop phase delay, capacitor output, and sensor LPF
filter. The frequency response of (37) is analyzed to
obtain the total phase delay [23]. Equation (37) is
obtained from (32) with unity controller in place of
PR controller.

P*(z) = GOLj(2) - GEi(2) - Gglz) - (37)
Fig. 7 shows the frequency response of (37), and the
phase delay is compensated accordingly. The phase
delay at w; = 1007 rad/s is equal to —21°. In
addition, as the A — Y transformer is used AC
side, the phase shift of 30° occurs between primary
and secondary. Hence the phase compensation angle
0. = 21° — 30° = —9° for the PR controller.

For defining the resonant gain of the PR controller,
the root locus method is used. The outer loop sys-
tem’s characteristic equation with the PR controller’s
resonant part is shown as (38).

1+T7%(2) =0, where Ky; =0  (38)
Fig. 8 shows the root loci of (38) with the resonant
part of the PR controller along with values defined
in obtained in previous steps. From Fig. 8, it is clear
that K¢ value should be selected such that the poles
should be within the unit circle to ensure the stability
of the system. Whereas the value of K*“ should not
be too less which makes the system response slow.

The K¢ is set to 2600, and the damping ratio of
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Fig. 8. AC-side outer voltage loop root loci.

the two pairs of complex poles is equal to 0.422 and
0.0297.

For defining the K7 the frequency response of (32)
is analyzed along with the values defined in previous
steps. Fig. 9 shows the frequency response of (32).
The K7 is selected such that the cross-over frequency
is increased while having sufficient gain margin (GM)
and phase margin(PM). The K7} is set equal to 0.2 at
which the system has GM = 19.5dB, PM = 46.3°,
and a cutoff frequency of 653 rad/s.

To obtain the controller parameter, heuristic ap-
proaches [24], [25] can be used, which are com-
putationally intensive. This paper uses the classical
approach for tuning the controller parameter with
GM and PM. The flowchart is shown in Fig. 10 for
controller parameter tuning.

Step 6:

Further, to emulate the synchronous machine behavior, the
droop control is implemented in the AC side of qZSI. The
relation between the real power to frequency (P — f) and
reactive power to voltage () — V') as per droop in shown by
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Fig. 9. Frequency response of AC side open loop gain of voltage loop.
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Fig. 10. Flowchart for controller parameter tuning.

(39), and (40) respectively [26], [27].

f=fo—mp(P—F) (39

V =Vo —me(Q — Qo) (40)

where fo, Vo, Po, Qo, mp, and m, are nominal frequency,
nominal voltage, active power at nominal frequency, reactive
power at nominal voltage, real power droop gain, and reactive
power droop gain respectively. P and () represent the average
active and reactive power and are calculated as per (41) and
(42), respectively.

1
- 41
Tr-s+1 F “h
Q=+ 42)
_Tf‘S-i-l 4

where T is the time constant of the LPF used to filter the
calculated instantaneous power, p and ¢ are instantaneous
active and reactive power, and are calculated in a3 stationary
reference frame shown by (43) and (44).

b= Uoaloa T Uoﬁioﬁ (43)

q= 'UoBioa - 'anioﬁ (44)
The discretization of (41) and (42) is performed using Tustin
method with sample time T,. Now the reference generated
from droop equations (39) and (40) is used as controller
reference for generating three-phase AC voltage in qZSI.
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B. DC Side Controller Design

To control the DC-link voltage, the feedback signal in a
voltage control loop needs to be a DC-link voltage. But as the
dc-link voltage is pulsating in nature due to shoot-through, the
DC-link voltage can not be taken as a feedback signal. Hence
to control the DC-link voltage, the indirect method is used.
This method takes the capacitor voltage vcy as a feedback
signal. The reference of the capacitor voltage is shown in (45)
and is obtained by solving the (18) and (21).

(Uin + Vdcref)
2

To develop the digital controller, discretization is performed
DC side of qZSI. Fig. 11 shows the discrete model of the DC
side of qZSI along with multi-loop control. The inner loop is
the current control of the inductor, and the outer loop is the
voltage control of the capacitor. A proportional controller is
used in the inner control loop, whereas PI controller is used
in the outer loop control.

The ZOH transformation is used to discretize (16), whereas
the Tustin method is used to discretize (17), (25), (26) and PI
controller. The reason for using ZOH to discretize the (16) is
to include the signal propagation and ADC sampler delay. The
Tustin method is used for (17), (25), (26), and PI controller,
as it has no additional phase delay. In addition, a unit delay
is also added in the forward path to compensate for the one-
sample digital delay. The DC side is discretized with T4,
sample time.

From Fig. 11, the open-loop gain of the current loop in the
DC side of qZSI can be derived as (46)

VCref = (45)

Tidc(Z) _ ngc Lyl ch(z) . Gflsc(z) (46)
in which
ViCs — I (1 —2D;)
dc _ ZZO 1 1 s 47
Gi*(2) "|Towscrrrs+ -2 Y
d K
Gis (Z) = Tdc 3 151 1 (48)

is " Teqe 1tz 1

where (47), (48), and K,ﬁipc represent the discrete DC side
inductor current transfer function, discrete sensor transfer
function, and inner current proportional controller on the DC
side, respectively. Similarly, from Fig. 11, the open loop gain
of the voltage loop in the DC side of qZSI can be derived as
(49).
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in which
Toge 1+ 271
dc dc sdc
Gpr(2) :Kvp+Km‘ Ty 11 (50)
ch
dc _ VS
Gvs(z) - Tdc ] 2 1—z-1 +1 (51)
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where (50) and (51) represent the discrete PI controller and

discrete sensor transfer function, respectively. Now to define

the Kidpc, K,fff, and KZ values of the inner and outer loop

controller, the following steps are performed.

Step 1: The Root loci method is used to define the Kld;. The
characteristic equation for the inner current loop is

shown as (52)

L+ T(2) =0 (52)

Fig. 12 shows the root loci of (52) with and without
the DC current sensor filter (G9¢(z)). It is clear from
the root loci that the filter causes the stability issue
as it shifts the root loci outside the unit circle as the
system gain increases. Now the current controller gain
is selected, so the root loci lie with the unit circle to
ensure stability. The Kfpc is set to 0.0402, with the
damping ratio of complex poles equal to 0.394.
Now for defining the K ,Lfic, the again root loci method
is used. The characteristic equation of the DC side
outer loop with an integral part of the PI controller is
shown as (53).

Step 2:

14+T%(2) =0, where Kg; =0 (53)

Fig. 13 shows the root loci of (53). From Fig. 13, it
is clear that K% value should be selected such that
the poles should be within the unit circle to ensure
the stability of the system. The K9¢ value should
not be too low, making the system response too slow.
Another point is that the system response should be
slower than the AC side controller. The K9 is set
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Fig. 13. DC-side outer voltage loop root loci.
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Fig. 14. Frequency response of DC side open loop gain of voltage loop.

as equal to 1180 with the GM 17 dB and PM 67.8°.
The phase crossover and gain crossover frequencies
are 221 rad/s and 45.3 rad/s.

To further speed-up the response the K ,‘jlzf issetto 1.0
with GM 15.6 dB and PM 60.8° at phase crossover
278 rad/s and gain crossover 69.5 rad/s. The frequency
response of (49) including Kff; is shown in Fig. 14.
Like the AC side controller parameters tuning shown
in Fig. 10, the DC side controller parameters are also
tuned by using (52) and (53).

Step 3:

IV. CONTROLLER IMPLEMENTATION IN DSP

The overall control strategy for the qZSI is depicted in
Fig. 15. The sine pulse width modulation (SPWM) is generated
using the AC controller output. In contrast, the DC side
controller output enhances the DC link voltage through shoot-
through generation. Typically, shoot-through is produced by
combining the AC and DC side controller outputs using “OR”
gate integrated circuits (ICs). In this paper, the shoot-through
is generated using two controller timers and programmatically

3ph Bridge

L, D" L,

z=a,

Operating
at 10kHz

Using Using

. < (40),(41)
Operating (38), (39), “—
at 1kHz (4,19, Cez

[ €— Voz
Operating
at 1IkHz

Fig. 15. Overall proposed control strategy for qZSI .

controlling the digital output pins. In two timer method, one
timer is used for SPWM generation, whereas the second timer
is used for shoot-through generation. Additionally, a dead band
(DB) is introduced between the modulation index and the
shoot-through duty cycle. The steps involved in implementing
the control strategy in DSP controller is shown by pseudocode
(Algorithm 1). The algorithm has three functions. First is the
main function used to enable and disable PWM pins. The
second function is interrupt service routine 1 (ISR1), which
calculates the modulation index. The third function is interrupt
service routine 2 (ISR2), which calculates the shoot-through
duty cycle, the reference frequency, and voltage from droop
control.

Fig. 16. Hardware setup: 1) Transformer. 2) Load. 3) 3ph gZSI stack. 4) Rack
power supply. 5) Oscilloscope. 6) Supply. 7) Housekeeping power supply. 8)
Current and voltage sensors. 9) Controller - STM32F446RE. 10) Trip and
over-current circuit. 11) Power and signal routing board.
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Fig. 21. Experimental result for input DC voltage, capacitor, DC-link voltage,
and AC output phase voltage.

A. Before time T}

Before time 71, the input DC voltage is 0.527 pu as shown
in Fig. 18(a) and Fig. 21. The capacitor reference voltage is
set to 0.7638 pu as per (45). Fig. 18(b) and Fig. 21 shows
the tracked capacitor voltage to 0.75 pu under simulation
and experimentation, respectively. Simultaneously the DC-link
voltage is boosted up to 1 pu. The DC-link voltage is pulsating
in nature with zero voltage under shoot-through conditions and
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Fig. 22. Experimental result system frequency, ac voltage magnitude, active
and reactive power.

1 pu under normal switching conditions shown in Fig. 21.

B. At time T} instant

At this instant, the input DC voltage is changed from
0.527 pu to 0.5 pu. The reference of the capacitor voltage is
changed from 0.7638 pu to 0.75 pu as per (45). The tracked
capacitor voltage and the boosted DC-link voltage are shown
in Fig. 18(b), Fig. 18(c) and Fig. 21. Meanwhile, there is no
change in system frequency, output AC voltage, and power, as
shown in Fig. 19, Fig. 20 and Fig. 22.

C. At time T instant

At this instant, under simulation, the active power load
increases from 0.2 pu to 0.3 pu, and the reactive power load
from O pu to 0.1 pu. Due to the increase in load power, the
system frequency and AC voltage are reduced as per droop
equations (39) and (40). Meanwhile, the DC capacitor voltage
remains unchanged.

D. At time Ts instant

The load power remains unchanged in this time interval,
whereas the input DC voltage is changed from 0.5 pu is 0.555
pu. As per equation (45), the reference of the capacitor voltage
is set to 0.777 pu. The DC-link voltage is maintained at 1 pu.
The system frequency and AC voltage remain unchanged.

E. At time T, instant

The input DC voltage remains unchanged at this instant,
whereas the load is decreased. Due to the decrease in load
power, the system frequency and AC voltage are increased as
per (39) and (40). Meanwhile, the capacitor voltage remains
unchanged, and the DC-link voltage is maintained at 1 pu.

Furthermore, a comparison between the proposed control
scheme and existing control schemes presented in [9], [13]-
[15], [28] is provided in Table II. The analysis shows that
the proposed control scheme offers effective implementation
in low-cost controllers with reduced complexity.



TABLE II
COMPARISON BETWEEN THE PROPOSED AND EXISTING TECHNOLOGIES

Attribute [9] [13] [28] [14] [15] Proposed
Control method (AC side) ML - OL(P) & IL(P)  SL - PR SL-PR SL-MPC SL-MPCVV ML - OL(PR) & IL(P)
Control method (DC side) SL - PI SL - PI SL - PI SL - MPC SL - MPCVV ML - OL(PI) & IL(P)
Controller parameter tuning X X X X X v
Droop control implementation X X v X X v
Discretization while controller design X X X X X v
LPF consideration X X X X X v
Controller LF2407 MicroLab  MicroLab F28335 F28335 F446RE
Controller cost Moderate High High Moderate Moderate Low
Shoot-through implementation by ‘OR’ gate IC Fully SW ND Fully SW Fully SW SW & Timer
Complexity Moderate Moderate ~ Moderate High High Less
Controller computation burden High High Less High High Less

ML: Multi loop, OL(X): Outer loop with X controller type, IL(X): Inner loop with X controller type, SL: Single loop, ND: Not defined, v': Yes, x: No, SW:

Software.

VI. CONCLUSION

In this paper, a digital controller design for the qZSI using
multi-loop control on the AC and DC sides is proposed. A

[4] J. Khajesalehi, K. Sheshyekani, M. Hamzeh, and E. Afjei, “Maximum
constant boost approach for controlling quasi-z-source-based interlinking
converters in hybrid ac—dc microgrids,” IET Generation, Transmission &
Distribution, vol. 10, no. 4, pp. 938-948, 2016. [Online]. Available: https:
/lietresearch.onlinelibrary.wiley.com/doi/abs/10.1049/iet- gtd.2015.0607

simplified qZSI model is discretized to design the controller [5] Y. Li, J. Anderson, F. Z. Peng, and D. Liu, “Quasi-z-source inverter for
for AC and DC sides. The stability issue caused by the sensor photovoltaic power generation systems,” in 2009 Twenty-Fourth Annual
gain and LPF used in the feedback is addressed in designing gb;gg?fphed Power Electronics Conference and Exposition, 2009, pp.
the controller. On the AC Side’ a P controller is used for [6] S.-H. Ko, S. Lee, H. Dehbonei, and C. Nayar, “Application of voltage-
inner current control and a PR controller for outer voltage and current-controlled voltage source inverters for distributed generation
control. On the DC side, a P controller is used for the inner ;}égzteggz éggg Transactions on Energy Conversion, vol. 21, no. 3, pp.
inductor current control and a PI controller for the outer [7] V. Colli, P. Cancelliere, F. Marignetti, and R. Di Stefano, “Voltage control

capacitor voltage control. Shoot-through pulses are generated
using controller timers and programmatically controlled digital
output pins. The AC controller is developed in the stationary
reference frame to reduce the computational burden.

The control scheme also incorporates droop control to
emulate synchronous generator behavior and a dead band be-
tween the shoot-through duty cycle and modulation index for
proper operation. Time domain simulations and experiments
validate the proposed control scheme under different operating
conditions. The proposed control scheme has the advantage of
cost-effectiveness and reduced complexity.
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