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Abstract: Z-source inverters (ZSls) are single-stage power converters with both voltage buck and boost capabilities provided by
the unique impedance network and the ability to operate during shoot-through states. This study proposes a novel non-linear adap-
tive backstepping method for dc-side controllers in a multi-loop control scheme of the ZSI in grid-tied photovoltaic (PV) systems.
Despite the variability of the capacitor and inductor values in the ZSI impedance network, the proposed controller guarantees
robust and stable operation under varying levels of PV irradiance and temperature. The shoot-through duty ratio of the ZSI is
obtained directly from the output of an MPPT algorithm and the measured PV and inductor currents. This strategy overcomes
the disadvantages of the conventional approach such as the non-minimum phase at the dc side of the ZSI. It also eliminates the
need to linearise the voltage/current characteristics of the PV arrays and ZS| model. The ac-side controllers consist of an outer
proportionalaASintegral voltage controller and an inner deadbeat current controller to achieve unity power factor and stable capac-
itor voltage in spite of grid voltage fluctuations. The efficacy of the proposed adaptive backstepping controller and the multi-loop
control scheme is validated by offline and hardware-in-the-loop real-time simulations.

1 Introduction

The rapid increase of photovoltaic (PV) penetration in distribution
systems necessitates a proper topology for power electronics invert-
ers. In spite of their distinct advantages, traditional voltage-source
and current-source inverters suffer from unavoidable drawbacks such
as the limited ac output voltage range by the dc input voltage and
the vulnerability to electromagnetic interference (EMI) [1]. The
latter may cause switching-device misgating, which may result in
shoot-through states and destroy the circuit.

The Z-source inverter (ZSI), which is classified as an impedance-
source inverter, was first proposed in [2]. The ZSI is suitable for
applications in grid-tied PV systems, taking into account the wide
operating range of the input dc voltage [1, 3—7]. The ZSI is a single-
stage power converter with both voltage buck and boost capabilities.
This special characteristic results from the application of a unique
symmetric impedance network with inductors and capacitors con-
nected in an X-shape. With the impedance network, the ZSI can use
the shoot-through state to boost the output ac voltage to a higher
value than the input dc voltage, which cannot be achieved in con-
ventional inverters [1, 2, 8]. Furthermore, the ability to handle the
shoot-through state makes ZSI more reliable than the conventional
inverters. Dead-time is also not required for the ZSI, which reduces
the harmonic content in the output waveforms.

Fig. 1a shows the conventional multi-loop control scheme con-
sisting of dc-side and ac-side controllers for the ZSI applications in
grid-tied PV systems [1, 4, 6, 9-12]. At the dc side, PI controllers
compute the shoot-through duty ratio dj, to regulate the input dc
voltage w;y, of the inverter H-bridge. This voltage control can be
either direct through the peak value 1y, or indirect through the
voltage uc across the capacitors C; and Cs in the impedance net-
work. The latter is preferred in practical applications since it does
not require complicated sensing and scaling circuits [9, 10, 13]. At
the ac side, the maximum power point tracking (MPPT) block and
its associated controller regulate the output voltage up, of the PV
arrays and generate the reference current ¢ for the ac-current loop.
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This ac-current loop only consists of a PI controller designed in the
synchronously rotating frame. As a result, the voltage uc across
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(b) The reconfigured control scheme.

Fig. 1: Circuit configuration and control schemes for the ZST in grid-
tied PV systems.



capacitors C'7 and Csq in the conventional control scheme may be
unstable in transient states of ac grids, such as voltage sag or swell.

The controllers at the dc side in Fig. 1a have non-minimum phase
characteristics, i.e. the initial response opposes the direction of the
change from the set-point value [1, 9-11]. The non-minimum phase
characteristic results from the right half-plane zero in the trans-
fer function of the Z-source impedance network, which cannot be
completely eliminated by adjusting the values of capacitors C7 and
C9 and inductors L and Lo [14, 15]. The non-minimum phase
characteristic results in significant overshoot and undershoot in the
voltage uc when the input voltage up, of the PV arrays changes,
as shown in [9, 14]. This behavior increases the harmonic distor-
tion of the output voltage and current. Many studies have tried to
resolve the negative effects of the non-minimum phase characteris-
tic. Closed-loop PI control methods based on the linearisation of the
voltage/current characteristics of PV arrays and the ZSI model have
been proposed in [1, 3?, 4]. However, the parameters of the designed
PI regulators rely heavily on the selected operating point of the dc
side of the ZSI; consequently, the voltage u across capacitors C'q
and C2 may experience unacceptable instability in a normal oper-
ating range of the PV arrays [11]. Other solutions to minimize the
effects of the non-minimum phase consist in implementing sliding-
mode control [5, 15, 16], fuzzy control [7], and neural network
control [17] at the dc side. However, these approaches require the
value of the equivalent load current %;,,,, of the Z-source impedance
network during the shoot-through state, which is difficult to iden-
tify exactly due to harmonic distortion. In spite of the fast dynamic
response, the applications of these nonlinear control approaches are
also impeded by the complex control algorithms .

Considering these limitations related to the multi-loop topology
and the dc-side control, the contribution of this paper is a novel dc-
side control design based on the adaptive backstepping approach in
a reconfigured multi-loop control scheme.

Fig. 1b shows the reconfigured control scheme. Compared to the
conventional control scheme shown in Fig. la, the MPPT block
is switched to the dc-side controllers, while the ac-side controllers
are responsible for regulating the voltages uc across the capaci-
tors in the impedance network. With this configuration, the control
at the dc side regulates the output impedance of the PV system to
obtain maximum output power. This control strategy overcomes the
disadvantages of the previous methods by reducing overshoot and
undershoot in uc during transient states of the ac grid while still
inheriting the existing double-loop voltage-current control at the ac
side of conventional grid-tied inverters.

Regarding the dc side, the proposed adaptive backstepping con-
troller inherits the fast dynamic response from the nonlinear control
approach. In addition, the controller is designed without the need to
linearise the voltage/current characteristic of PV arrays and the ZSI
model. The mathematical model of the proposed dc-side controller
using the backstepping method also takes into account the uncer-
tainty of the parameters in the impendance network. This uncertainty
may be caused by manufacturing processes, inductance variation
due to high current flow, or capacitance variation due to tempera-
ture fluctuation. Therefore, the proposed control scheme guarantees
effective and robust operations even when the parameters of Z-
source impedance are unknown or when the operating point of PV
arrays changes under variable temperature and irradiance conditions.
Unlike the conventional PI controller approach, the system global
stability, which is important for any PV systems, can be mathe-
matically proved by using the Lyapunov theory with the proposed
adaptive backstepping method.

In the remainder of this paper, Section II shows a dynamic model
of three-phase ZSI in grid-tied PV systems. Section III presents the
proposed adaptive backstepping controller at the dc side. Off-line
simulations and hardware-in-the-loop (HIL) real-time simulations
are discussed in Section IV to validate the proposed control method.

2 Dynamic Modeling

The three-phase ZSI in grid-tied PV systems are a combination of
a Z-network connected to a PV system and a conventional H-bridge

inverter connected to an ac grid. In order to obtain the mathematical
model of the system, the following assumptions are made:

e The three-phase ac-grid voltage is balanced.

e The parasitic resistances of the Z-source impedance network are
ignored. The Z-source impedance network is symmetrical. This
assumption will be removed later on.

e The IGBTs are ideal switches.

e In the non-shoot-through state, the dc bus voltage is constant over
each switching cycle.

2.1  dc-side model

Fig. 2 shows the equivalent circuit of the ZSI at the dc side and the
simplified models during the shoot-through and non-shoot-through
states [2]. Since the impedance network is assumed to be symmet-
rical, the steady-state values of current flowing through inductors
L7 and Lo as well as the voltages across capacitors C'; and C> are
identical. From Fig. 2, the low-frequency mathematical model of the
Z-network using the average method is obtained as follows [4]:

di
LZE = (2dg = Duc + (1 = dgn)upo,
du . .
CTtC = (1 - sth)zL + (dsh - 1)Zinv>
d . .
va% =1lpv — UL, 1

where dgj, = Tsp, /Ts is the shoot-through duty ratio and Ty, is the
shoot-through interval over a switching cycle Ts; uc and iy, are the
capacitor voltage and the inductor current in the impedance network,
respectively; upy is the output voltage of the PV system; and %y,
is the equivalent current flowing into the H-bridge. In steady state,
the following relationships between the Z-source inductor and PV
currents and between the Z-source capacitor and PV voltages are
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Fig. 2: The model at the dc side of the ZSI.
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obtained from (1):

vaziL,

1 - Dy,
Uc = SR Upy. 2
c 1-2D,, pv 2)

Theoretically, the steady-state shoot-through duty ratio Dy, in (2)
can vary from 0 to 0.5. In practice, it is limited by the zero-state
interval Tg of the ZSI [18, 19].

2.2 ac-side model

At the ac side of the ZSI, an LCL filter is employed to reduce the
high-frequency current ripple, as shown in Fig. 3. However, the
current controller only affects the low-order harmonics [20, 21].
Therefore, the LCL filter with a sufficiently small capacitator value
can be replaced by an L filter L in series with its internal resis-
tance 7, in the mathematical model to simplify the current controller
design. The input voltage w;,, of the H-bridge is zero during the
shoot-through state, while the value during the non-shoot-through
state is [10]:

Uiy = 2uc — Upv 3)

The three-phase low-frequency average model of the ZSI at the ac
side is as follows [22]:

di . 1 .
L dik = Uinv (dk - g Z dk) — €nk — TLlsk; “4)
k=a,b,c

where the subscript k represents phase a, b, and ¢, dj, is the corre-
sponding PWM duty ratio, s is the ZSI output current (before the
filter), and e is the ac-grid voltage. To facilitate the design of ac
controllers, (4) is expressed in the synchronously rotating frame to
decouple real and reactive power in the system as follows:

di N . .
L d;d = Ginvdq — end — TLisq + wlisq,
di N . .
L d;q = Uinydq — eng — TLisq — Wlisq, (®)]

where w is the grid angular frequency; dg, dq are the d- and g¢-
axis components of the PWM duty ratio, e,,q and enq are the d-

and g-axis components of the grid voltage; and i,4, isq are the d-
and g-axis components of the grid current vector; ugqy = Ujnydg
and usq = Ujnydq are the d- and g-axis components of the output
voltage vector of the ZSI, respectively.

2.3 Switching models of the dc-side and ac-side

To conduct HIL real-time simulations, the switching functions of the
impedance network s and of the IGBTs si(k = a, b, ¢) are defined
as follows [22]:

e s =1 when the ZSI is in the shoot-through state.

e s =0 when the ZSI is in the non-shoot-through state.

e s, =1 when the top switch of the phase leg is turned on and the
bottom switch of the phase leg is turned off.

e s;. =0 when the top switch of the phase leg is turned off and the
bottom switch of the phase leg is turned on.

Using this definition and the average model in (1) and (4), the
switched model of the ZSI is obtained as follows:

Ld;—tL =(2s—1uc + (1 — s)upo,
0%5:41_%ﬁL+@—1mm,
du . .
Cpv dﬁfw =tpv — 1L,
di N 1 j
L d‘;k = Ujnv (Sk - g Z Sk:) — Cnk — TLlsk- ©)

k=a,b,c

3 Controller Design

The detailed control topology of the ZSI applied in the grid-tied
PV systems in Fig. 1b is illustrated in Fig. 3. At the dc-side, the
integrated MPPT and the proposed adaptive backstepping controller
regulate PV output voltage upy and extract the maximum power
from the PV panel. The Incremental Conductance MPPT method
is used since it is easily implemented and exhibits fast convergence
speed [23]. At the ac side, conventional PI and dead-beat controllers
regulate the Z-source capacitor voltage uc and the power factor.

Uc' + K E’ ac-current|is[ 3Ens | Yc
S, X PTs loop 2UcCs
) PI controller
i
Cov h 4 QOuter dc-voltage loop
. . — D
u UDVV Ipvv IL* q Gy
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Fig. 3: The proposed multi-loop control for the ZSI in grid-tied PV systems.
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3.1  The proposed dc-side adaptive backstepping controller

During normal operation of the ZSI in grid-tied PV systems, the
values of inductors and capacitors in the impedance network devi-
ate from the nominal values. This may impair the performance of
conventional PI controllers, which are designed using the nominal
component values. To solve this problem, the proposed adaptive
backstepping controller employs a certainty-equivalence form in
which unknown parameters are replaced by estimated parameters
[24]. The controller design is based on the dc state-space model
without any linearisation required as in conventional PI design
approaches.

Assuming the Z-source capacitor voltage uc is kept constant by
the ac-side controllers, the dynamic dc-side model shown in (1) is
rewritten in a state-space form as follows:

7
Ty = ec(ipy —z1), ™

{:m = 01[(1 = dop)z2 + (2dsp, — Luc],
where the state variable z” = [z :vg]T =[ig upU]T, 0 = 1/L,
and 6= 1/Cpy. The purpose of the adaptive backstepping controller
is to compute the shoot-through duty ratio dj, to globally stabi-
lize the PV voltage 2 = upy in (7) to a desired equilibrium point
Upy, Which is given by the MPPT algorithm. The global stability
is proved by using properly defined Lyapunov functions [24]. The
detailed step-by-step adaptive backstepping design for system (7) is
described as follows.
Step 1: Consider state =7 as a virtual control input of the system
(7). Define the error between state xo and its reference value u;‘w,
which is the output of the MPPT algorithm, as follows:

*
21 = T2 — Upy- (8)

Differentiating z; with respect to time gives:
zZ1 = GC(ipv - ml) - u;v

= (B¢ + 00) (ipy — x1) — Wy, )

where éc is the estimated value of 6 and éc is the estimated error.
Based on the definition of Lyapunov functions in [24], the first
Lyapunov function candidate is chosen as follows:

1 1
n=lag L
palel

52
5 ¢, (10)

where ¢ is a positive adaptation gain. It is clear that V; is positive
definite. The derivative of V7 with respect to time is:

. 1 ~ =
Vi =214+ —0cbc
ate]

1
= —klz% + zl(klzl + 2’1) + %9000

—klz% + Zl{klzl + [éc(ipv —x1) — ﬂ;v]}-f—

~ ] .
100 |~C + 21 (ipy — z1) |, (11)
oe,

where k7 is a positive design parameter providing necessary damp-
ing for system stabilization (7). In order to achieve global stability,
V1 must be negative definite. Therefore, x1 can be chosen as follows:

kiz1 — 4}
wp = LR L (12)

e}

The last term of V7 in (11) is eliminated by using the updated rule
(13) and observing that 6 is constant:

0c = vcz1(ipy — 21). (13)

Substituting the expression in (13) and (12) into (11) yields:
Vi=—ki2? <0 (14)

Equation (14) shows that the positive-definite function V; chosen
from (10) is a Lyapunov function. Therefore, zo is globally stable
if the virtual control input 1 mimics the behavior of the following
stabilizing function, which is defined based on (12):

.ok
k1z1 —

a1 (Upy, ipy) = Yt ipy. (15)

Oc

Step 2: Define the second error variable z2 as the error between
21 and the stabilizing function oy :

29 = X1 — Q1. (16)
Substituting the expressions (15) and (16) into (9) yields:
4 = —0cza — k121 + 0c (ipy — 1) (17)

From (7), (15), and (16), the derivative of zo with respect to time is
given by:

Z2 = 0p[(2dsp, — Duc + (1 — dgp)z2]

(k121 — g0 — ve 21 (ipy — 1) (k121 — ipy) i
62 P
c

(18)

The new model of the system shown in (17) and (18) is expressed in
the coordinates (z1, 22), and a state-feedback control law is designed
to globally and asymptotically stabilize (GAS) the system at the
equilibrium point (21, 22) = (0, 0). The second Lyapunov function
candidate is chosen as follows:

1 1
Vo= i L

1 9 1 5o 52
S22+ 5—0c+ 0L, (19)
2 2ve 2vL

where the parameter error 7] L, =05 — 0 1, and 7y, is the second posi-
tive adaptation gain. From (19), it is clear that V5 is positive definite.

The derivative of V2 with respect to time is obtained as follows:
. . . 1 ~ = 1 ~ =
Vo = 2121 + 22220+ —0c0c + —0.0
e YL
= —k127 — ko2 + 22 (éL[(sth —Duc + (1 = dsp)z2]

ks — i) 0c — O (k2 — i A
(kA = i) Céz olk1z1 = ipy) —i;u+k222—0021>
o,

~ |0 .
+0c |:£ + 2 (lpv - 1'1):|
ate

- (6
+0L{7L +22[(2dsn = Duc + (1 = dsn)2]
L
(20)

where ko is another positive design parameter. éc and éL are
eliminated from V2 with the updated law (21):

{éc = —0c = ez ipy — 21), @1
Oc = —01, = vr.22[(2dsp, — Duc + (1 — dgp) 2],
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where the shoot-through duty ratio, which is the actual control input
of the system (7), is calculated as:

1
0r,(2uc — x2)

(k121 — )0 — voz (ipy — 1) (k121 — W)

~ +
0%
+ipu — kozo + éczl - éL(JSQ —uc)|.
(22)
Substituting (21) and (22) into (17) and (18) yields:
21 = TéCZQ — k121 -‘y: éc(ipv — 23'1)7
20 =0cz1 — kozo + QL[(QdSh — 1)uc + (1 — dsh)ajg}.
(23)
Substituting (21) and (22) into (20) yields :
_ 2 2
Vo = —k121 — koz5 < 0. 24)

Therefore, the positive-definite function V2 chosen from (19) is also
a Lyapunov function. Equation (23) implies that (21, 22) = (0,0)
and (0¢, 01) = (0, 0) are two equilibrium points of the closed-loop
adaptive system, and (24) shows that the control error (21, 22) = (0,
0) is GAS. Based on the definition of z; from (9), z2(t) — up, as
t — 00, i.e. the proposed adaptive backstepping controller using the
control signal dgj, (22) globally stabilizes the PV voltage upo to its
reference value u;‘w. The values of k1, k2, vr,, and ¢ of the dc-side
controller using the backstepping method will be chosen based on
simulation results.

3.2 The ac-side controllers

This section briefly describes the ac-side controllers, which are well
established in the literature, based on the ac-side model shown in
Section 2.2. As shown in Fig. 3, the double-loop control topology
at the ac side consists of a slow outer dc-voltage loop and a fast
inner ac-current loop. The output of the dc-voltage and power factor
controllers provide the reference i34 and ¢sq for the ac-current loop.
The output uggq and usq of the ac-current controller are transformed
to uq and ug before being sent to the modified space vector mod-
ulation (MSVM) algorithm to generate the switching signals for the
IGBTs. To minimize the voltage stress across the inverter switches,
the shoot-through time in this paper is evenly assigned to each phase
with T, /6, while the active state times are not changed. With this
strategy, the shoot-through time is limited to 3/4 of the zero-state
interval T [18, 19].

The outer dc-voltage loop is responsible for regulating the capac-
itor voltage uc across capacitors C7 and Co in the impedance
network. The dc-voltage controller is designed as a conventional PI
controller in the s domain.

The inner ac-current loop implicitly regulates the power factor of
the system by controlling dg—components igq and isq of the ZSI
output current ¢s. In this paper, isq is set to zero so that the system
operates with unity power factor. To improve the dynamic response
of the system, especially during transient conditions such as volt-
age sag or generated power variation, the ac-current controller is
designed as a deadbeat controller in the discrete domain z instead
of a conventional PI controller. The ac-current loop is also shown in
Fig. 3 [25].

The performance of the controllers at the ac side relies heav-
ily on the measurement of the phase angle of the grid voltage es.
This angular measurement requires accurate and robust acquisi-
tion when the grid voltage waveform is distorted and unbalanced.
In this paper, the synchronous reference frame phase locked loop
(SRF-PLL) method is implemented [20]. SRF-PLL translates the
three-phase voltage vector from the abc reference frame to the dg

IET Research Journals, pp. 1-9

synchronously rotating frame by using Park’s transformations. A
feedback loop regulates the ¢ component of the grid voltage eng
to zero, which results in the angular position of the dg rframe being
locked into the phase angle of the grid voltage.

4  Off-line and real time simulation results
4.1 Case studies

To demonstrate the effectiveness of the proposed controller, a ZSI in
a grid-tied PV system is simulated under different operating con-
ditions using Simpower Systems Toolbox in Matlab/Simulink. A
second validation is performed by means of HIL analysis using a
digital signal processor (DSP). The parameters of the system under
consideration are listed in Table 1. The range of PV voltage Up, and
set point of U¢ are chosen such that the shoot-through ratio is lim-
ited to 0.4. It guarantees the input dc voltage of the H-bridge to be
less than 5 times of the input PV voltage.

The PV module used in this simulation is SQ160/Shell [26]. The
PV array is composed of 8 modules connected in series and 10 mod-
ules connected in parallel. All modules are considered to be identical
and work in similar conditions of temperature T and irradiance G.
Based on the datasheet from the manufacturer [26], the voltage and
current of PV arrays at the maximum power points (MPP) under dif-
ferent working conditions are calculated as shown in Table 2. The
working temperature is either 25 °C or 50 °C, while the working
irradiance is either 500 W/m? or 1000 W/m?.

The sequence of operating the system is as follows:

e The control system is initially disabled, and the switches S1 and
S in Fig. 3 remain open.

e After switch Sy is closed, the PLL block and the ac-side control
are enabled to regulate the voltage U across the capacitors C; and
(C'y at the desired value.

Table 1 System parameters.

Quantities Values
Grid voltage 380 V/50Hz

Set point of Ug 570 Vdc
Range of PV voltage Up. 190-348 Vdc

C1=C2=235uF+10%
L1=L2=1.4mH:|:20%

Parameters of
the Z-source network

PV capacitor Cpo =470 uF £ 10 %

Grid inductor Ls=2mH
Parameters of k1 =5000
the backstepping method ko = 2000
Adaptation gain v, =0.1
vc =0.5
Parameters of ¢=11
the capacitor-voltage controller wn =60 Hz
Switching frequency 5 kHz
Sample time of the Ts =200 pus
ac-current controller
Sample time of the MPPT algorithm 1 ms

and capacitor-voltage controller

Table2 MPP of the PV array under different working conditions [26].
Working condition Voltage and current at the MPP
T =25°C, G = 500 W/m? V=280V, =23 A
T =25°C, G = 1000 W/m? V=280V, I=458 A
T =50°C, G = 1000 W/m? V=248 V,I=458 A




800 70 T ! ! ! ! 0.45 T T T T T
700 60 |
uc (V.
600 M) 50 0.4
500
40 :
400 i (A) 0.35 v "»centrol»input»dgh i
u (V) 30
300 pv.
20 +
200 0.3
10 |
100 . g
ipv (A)
0 0 L L I I I 0.25 i 1 1 1 1
0.2 0.25 0.3 0.35 0.4 0.45 05 0.2 0.25 0.3 0.35 0.4 0.45 0.5 02 0.25 0.3 0.35 04 0.45 05
Time (s) Time (s) Time (s)

(a) PV output voltage and current and voltage
across the Z-source impedance capacitor.

(b) Inductor current.

(c) Shoot-through duty ratio.
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Fig. 5: The simulation results of the system when T changes from 50°C to 25°C at ¢ = 0.3s, G = 1000 W/m?.
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Fig. 6: The simulation results of the system when the grid voltage varies between 1 pu and 0.7 pu at t = 0.3s and at ¢ = 0.4s.

e Finally, switch Sy is closed, and the MPPT algorithm as well as
the dc-side control are enabled. The power generated by the solar
panels increases until the MPP is reached.

4.2 The off-line simulation results

The off-line simulations are carried out with the variations in solar
irradiance, temperature, and ac grid voltage. In addition, the robust-
ness of the proposed adaptive backstepping control is also demon-
strated by linearly increasing the values of L1 and Lo from 1.12 mH
to 1.68 mH (1.4 mH 4 20%), C'; and C9 from 211 uF to 258.5 uF
(235 uF £ 10%), and Cpy from 423 pF to 517 pF (470 pF £+ 10%),
during the 0.5 seconds simulation time.

Fig. 4 shows the simulation results when the solar irradiance drops
suddenly from 1000 W/m? to 500 W/m? at t = 0.3 s, while the tem-
perature and the voltage across the Z-source impedance capacitor are

constant at 25 °C and 570 V, respectively. The PV voltage and cur-
rent in Fig. 4a closely match the theoretical values at the maximum
power points (280 V, 45.8 A) and (280 V, 23 A), as shown in Table
2. With the proposed adaptive backstepping method, the PV volt-
age and current seamlessly follow the optimal values without any
significant overshoots or undershoots, compared to [9, 14]. The ac-
side controllers of the reconfigured control scheme also maintain the
voltage across the capacitors in the impedance network at the desired
value of 570 V (from Table 1). Fig. 4b shows that the inductor current
transitions smoothly between two steady-state values of irradiance.
The steady-state value Dy, of the shoot-through ratio is calculated
as follows:

_ Uc—Up 570 —280
" 2Uc — Upy 2 x 570 — 280

Dygp, =0.3372, (25)
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which is consistent with the shoot-through duty ratio shown in Fig.
4c. When the solar irradiance drops further, the shoot-through duty
ratio does not change significantly, and both the dc and ac controllers
are still able to maintain PV voltage Upy and Z-source capacitor
voltage U at 280 V and 570 V, respectively.

Fig. 5 shows the simulation results when the temperature drops
from 50°C to 25°C at ¢t = 0.3 s, while irradiance is constant at 1000
W/m?. The adaptive backstepping controller at the dc side regulates
the PV voltage and current in Fig. 5a to track the theoretical values
at the maximum power points (280 V, 45.8 A) and (248 V, 45.8 A),
as shown in Table 2. The ac-side controllers maintain the voltage
across capacitors C'; and C' at the desired value of 570 V. No over-
shoot is observed compared to [9, 14]. Fig. 5b shows the inductor
current with an acceptable transition between the two steady-state
values of temperature. Similar to (25), the steady-state values of the
shoot-through ratio Dy, at the two maximum power points are cal-
culated to be Dgpq1 = 0.3372 and Dgpo = 0.3610. These values are
consistent with the results in Fig. S5c. From (2), since the output volt-
age of the PV array decreases, Dy, increases to keep the Z-source
voltage across the capacitors in the impedance network constant.

Fig. 6 shows the simulation results when the grid voltage steps
up and down between 1 p.u and 0.7 p.u (220 Vrms and 154 Vrms,
respectively). The temperature and irradiance are constant at 25°C
and 1000 W/m?, respectively. As shown in Fig. 6a, the output volt-
age and current of the PV array are not affected by the ac grid voltage
variation, and their steady-state values are close to the theoretical
values at the maximum power points (280 V, 45.8 A), as shown
in Table 2. With the implementation of the capacitor voltage con-
troller at the ac side (Fig. 1b), the voltage across the capacitors in the
impedance network is kept close to the desired value in spite of the
grid voltage fluctuation. No significant overshoot in the waveform of
the capacitor voltage is observed. Fig. 6b shows the inductor current
with very small overshoots during transient periods. Since the power
transferred from the PV array does not change, the current injected
into the ac grid increases when the grid voltage decreases, as shown
in Fig. 6¢c. The total harmonic distortion of the ZSI output current
obtained using the FFT toolbox of MATLAB/POWERGUI is equal
to 4.63%. The grid current and voltage at the ac side of the ZSI are
distortion-free. They remain sinusoidal and in-phase throughout the
simulation because the inverter is regulated to operate at unity power
factor. It should be noted that the response time of the system in all
three cases in Fig. 4 - Fig. 6 is less than 0.05 second.

Similar operating conditions to those in Fig. 4 and Fig. 5, in which
the irradiance and temperature suddenly vary at ¢ = 0.3 s, are applied
for the simulated system employing the control topology in Fig.
1b with linear controllers at the dc side. The proposed nonlinear
adaptive backstepping controller is replaced by a multi-loop con-
trol scheme using PI and P controllers for the outer voltage-control
loop and the inner current-control loop, respectively. The parameters
of the PI and P controllers are determined based on the operating
points corresponding to the initial conditions of irradiance G and
temperature 7" before 0.3 s. The simulation results of the PV voltage
and current and the inductor current in the impedance network are
shown in Fig. 7. It is clear that the PV voltage and current as well
as the inductor current are unstable following a variation of either
irradiance GG or temperature 7". To maintain system stability at the
new operating point, the parameters of the PI and P controllers need
to be modified properly.

These simulation results validate the capability and advantages of
the proposed adaptive backstepping method at the dc side as well
as the reconfigured control topology in Fig. 1b in terms of stabiliz-
ing the PV and Z-source capacitor voltages under different operating
conditions and variations of both the PV and ac grid.

4.3  HIL real-time simulation results

In this section, HIL real-time simulation is carried out to verify the
performance of the proposed adaptive backstepping controller and
the reconfigured multi-loop control scheme in Fig. 1b. HIL simula-
tion has been shown to be an effective design approach with its ease
in adjusting PV real-time operating parameters, modifying controller
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Fig. 7: The simulation results of the system employing the control
topology in Fig. 1b with linear controllers at both ac and dc sides.

parameters, and analyzing system dynamic response. In addition,
HIL simulation greatly reduces simulation time and cost. The dis-
advantage of HIL simulation is that it considers switching devices
and passive components such as capacitors and inductors as ideal
elements [27].

The experimental HIL setup is shown in Fig. 8. The switched
model of the ZSI obtained from Section 2.3 is loaded on the dSSPACE
DS1103 PPC controller board and Matlab’s Real-Time Workshop
(now Simulink Coder) toolbox. A high operating frequency of the
switched model results in a better representation of the real system.
In this study, this frequency is limited by the clock frequency of the
DS1103 board, which is 100 kHz. The controllers are implemented
in the fixed-point 32-bit type TMS320F2812 DSP by Texas Instru-
ments. The switching pulses are generated from the PWM channel
of the DSP and sent to the digital input-output interface with the
DS1103 board. The measured signals of the grid-tied PV system
are sent to the DAC channels of the DS1103 board and the ADC
channels of the DSP.

The execution time of the simulation model should be at least
10-20 times lower than the switching period to achieve real-time
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Fig. 8: Experimental HIL setup.

’
Board TMS320F2812

Code Composer Studio 3.3

operation. In this paper, the execution time is set at 10 ps and
the PWM switching frequency is 5 kHz. All variables used by the
Simulink model are accessed by using the ControlDesk package. The
temperature and irradiance of the PV array can be changed on-line
to test the robustness of the control algorithm.

For the digital implementation, the derivative components in (22)
can be discretized as follows:

dy  _ylk) —y(k—1)

dt Ts ’

Py oy =2k — 1) +yk—2) 26)
dt? T2

The first case study analyzes the working condition correspond-
ing to Fig. 4. The irradiance of the PV array is decreased from 1000
W/m? to 500 W/m? and increased again to 1000 W/m?, while the
temperature of the PV array is kept at 25°C. The rms value of the
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(a) PV array output voltage. (b) Z-source capacitor voltage.

line-to-neutral grid voltage is 220 V. Fig. 9 shows the HIL results
recorded by the virtual scopes. The output voltage of the PV array
and the voltage across the Z-source impedance capacitor are sta-
bly held at 280 V and 570 V, respectively, without any significant
overshoots, as shown in Fig. 9a and 9b. The Z-source inductor cur-
rent and the ZSI output current at the grid side are shown in Fig.
9c and 9d, respectively. The average steady-state values of the Z-
source inductor current are 45.8 A and 23 A, which is consistent
with Fig. 4b. The PV output current, which is not shown here due to
limited space, is equal to the Z-source inductor current. Therefore,
comparing these results with the theoretical data in Table 2 proves
that the ZSI in the grid-tied PV system transfers the maximum power
generated from the PV array to the ac grid.

In the second case study related to Fig. 5, the temperature of the
PV array is changed from 50°C to 25°C and then returned to 50°C,
while the irradiance of PV array is kept at 1000 W/m?. The rms
value of the line-to-neutral grid voltage is 220 V. The results are
shown in Fig. 10. Similar to the results shown in Fig. 5, the out-
put voltage of the PV array and the voltage across the Z-source
impedance capacitor in Fig. 10a and Fig. 10b are stable at 570 V
and 280 V, respectively. The Z-source inductor current and the ZSI
output current at the grid side are shown in Fig. 10c and Fig. 10d.
The Z-source inductor current and the PV output current, which is
not shown, approximates 45.8 A, which is the theoretical value at the
maximum power point under these operating conditions. Therefore,
the proposed control for the ZSI also allows the maximum power
generated from the PV array to be delivered to the ac grid in this
second case study.

In both off-line and HIL experiments, the capacitor voltage rip-
ple and inductor current ripple are less than 5% and 20%, which
is acceptable for practical applications [28]. These ripples would
reduce with larger capacitors and inductors; however, the system
response would be slower.

5 Conclusion

This paper proposes an adaptive backstepping control at the dc side
of a reconfigured multi-loop control scheme for applications of the
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Fig. 9: Real-time simulation results when G changes from 1000 W/m? to 500 W/m?, T = 25°C.
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Fig. 10: Real-time simulation results when T changes from 50°C to 25°C, G = 1000 W/m?.
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ZSI in grid-tied PV systems. The proposed adaptive backstepping
method eliminates the need to linearise the voltage/current character-
istics of PV arrays and the ZSI model as in conventional approaches.
It also takes into account the uncertainty of inductor and capacitor
values in the impedance network. The stability of the system with the
adaptive backstepping controller is proven by applying the Lyapunov
method. The voltage across the capacitors in the impedance network
is regulated by the ac side controllers. Off-line and HIL real-time
simulations verify the robustness of the proposed control method in
maintaining system stability and significantly reducing overshoot in
the waveform of PV and Z-source capacitor voltages under varying
conditions of irradiance, temperature, and ac grid voltage amplitude.
In addition, in spite of the clock-frequency limitation when emulat-
ing the real system, the HIL provides another effective approach in
terms of cost and safety for designing and verifying power electron-
ics controllers. With the increasing PV penetration in distribution
systems, the proposed control approach facilitates the deployment
of Z-source inverters in practical applications to deal with the wide
operating ranges of both power and voltage from PV arrays.
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