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ABSTRACT This work presents an enhanced power-based control technique for controlling the battery
current in a quasi-impedance source converter (qZSC) topology with a feed-forward control loop in order
to improve disturbance rejection. Such topology can integrate a photovoltaic array and a battery storage
system (BSS) using a single inverter bridge. However, the control strategies for managing the energy stored
in the battery for this topology are vulnerable to disturbances in the photovoltaic power and have a high
level of complexity, especially in terms of mathematical modeling. Therefore, the proposed control method
aims to improve this functionality by implementing a cascade control based on the active power between
the qZSC and the grid. Therefore, the dynamic model relating the battery current and the qZSC active
power output will be demonstrated, as well as the respective closed-loop controller design. The simulation
and control hardware-in-the-loop (C-HIL) results demonstrate the effectiveness of the proposed modeling
and control technique.

KEYWORDS Battery energy storage, photovoltaic generation, power-based control, quasi-impedance
source converter

Il. INTRODUCTION and the AC grid [4], resulting in the [battery-assisted qZSC]|
In the context of energy transition and global efforts to [[BA-qZSC)|shown in Fig. [T} which was used for this study.

ensure carbon emission reduction, insertion of [photovoltaic

[(PV)] generation sources in electrical systems is constantly %\

increasing. On the other hand, to mitigate the impacts of !

the [PV] generation variability on the electrical grid, integra- L s}?‘ Ly

tion of energy storage systems has been pointed out as a i o Kl} El}

strategic solution, aiming to ensure no impact on the energy ' ﬂK} 2 i )

management capacity or the stability of the operation, thus . L. 1,

contributing to grid reliability and stability [1]]. | S
Over the past 20 years, a topology family known as | s SAK& HK&

impedance source inverter (ZST)| has been proposed for [PV]

applications, which introduces an impedance network be-
tween the DC source and the inverter bridge. The impedance  FIGURE 1. System of the battery-assisted qZSC (BA-GZSC).
network allows the usage of the short-circuit state in the
inverter bridge, which provides an additional voltage boost
stage, eliminating the need for a second DC-DC boost
converter [2]]. The|quasi-impedance source converter (gZSC)}
one of the [ZS]| variants, has advantages over [ZS]] for [PV] ap-

In such a type of integration, it is necessary to control
the energy flow in the [BSS] and a typical approach for this
topology is to use independent feedback loops to establish

R - ' ‘ . both the power transmitted to the grid and the power gener-
plications, including: continuous input current, lower voltage .4 in the PV] array [3], [6). However, such methods may

stress on semiconductor deViC.eS’ and lower operating voltage  ayse Jow frequency oscillations on the DC side currents and
on the impedance loop capacitor [3]. Furthermore, a [battery] voltages of the BA-gZSC| [7]. On the other hand, methods
[storage system (BSS)] can be integrated with the [PV] array  yha¢ control directly the battery current were proposed. In [[§]

the authors implement this feature considering the dynamics
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of the inverter bridge current to define the gains of the
battery current regulator. However, the capacitors of the
impedance network and their impacts on the battery current
were not fully considered in the modeling. This could result
in unexpected dynamic oscillations that threaten the safety
and life span of the energy storage components. Thus,
the current dynamic regulation method is essential for the
dynamic response while ensuring the safety of the system
components [9].

In this way, the authors proposed in [10] a direct control
of the battery current, applying a power-based approach for
the modeling in order to improve stability and simplify the
control strategy, considering the Z-source network capaci-
tance dynamics based on a full-order modeling. Although
simulation findings show that this technique performs ef-
fectively in terms of tracking the battery current reference,
it was ineffective in dealing with disturbances induced by
oscillations in the PV array’s power, with high values for
battery current surge and disturbance settling time. Hence,
this paper proposes further research to improve the ability of
the control method presented in [10] to reject disturbances
induced by rapid power fluctuations in photovoltaic gen-
eration. Despite the fact that numerous control approaches
have been provided in the literature [8]—[10], none of them
focuses on addressing the disturbance rejection capability for
the topology, which evidence the originality of
the proposed work. Compared to previous control strategies
already in the literature, the suggested methodology provides
an additional strategy for mitigating the impacts of distur-
bances in the battery current, hence enhancing the rejection
of disturbances in topology. The main contribution
may be highlighted as:

e Improve the method proposed in [10] by adding a feed-
forward loop;

e Validate the proposed control features with real-time
simulation tests;

e Evaluate the performance of the proposed method in
the face of [PV]power generation, AC load and AC grid
voltage disturbances.

The performance of the suggested feed-forward loop is
tested using a controller C-HIL configuration. Integrating a
physical control hardware device with a simulated plant or
environment, C-HIL simulation has emerged as a technique
for system design and validation, particularly in automo-
tive, aerospace, and industrial automation, enabling control
systems validation without a fully operational physical sys-
tem, reducing development time, cost, and risk. The C-HIL
simulation takes into account important controller imple-
mentation parameters, like controller sampling time, which
affects control performance and computational load [11]],
sensor accuracy, which ensures correct control decisions, and
hardware limitations, which constrain algorithm complexity
and execution time.

The structure of this paper is as follows: Section
describes the complete modeling in the DC side of
with steady-state and transient analysis. Subsequently,
Section |I1I] describes the proposed power-based control strat-
egy. Section shows the simulation results of the system
operating connected to the grid, and finally, Section
presents the overall conclusions of the proposed control
method.

Il. BATTERY-ASSISTED qZSC AND PV MODELING

A. DC side BA-qZSC modeling

The [ZS]] principle of operation implies the utilization of one
extra switching state compared to the standard eight states
(six active and two zero states) of the three-phase
[source converter (VSC)| This extra operational state,
state, occurs when both switches in at least
one phase conduct simultaneously, thus providing a boost
capability in the [jZSC] topology. The equivalent circuits are
shown in Fig. 2} During the conventional non{ST] states the
inverter bridge, viewed from the DC side, is equivalent to a
constant current source with value ipy (Fig. 2(a)), whereas
in the [SI] state, the inverter bridge is a short-circuit on the
DC side and the switch S7 is blocked (Fig. 2(b)).

A cycle-averaged dynamic state-space model for the BA-
qZSC is obtained assuming that the Z-source network pa-
rameters are equal, i.e. Ly = Lo = L, rpy = rpo = 71,
and C; = Cy = C, also considering the [ST| duty ratio
Dy = T /T and its complement (1 — Dg;) for the non-
[ST| states, in which T is equal to one switching period
[O]. This representation can be applied to both steady-
state analysis and the dynamic analysis by using (I), where
variables ir1, i12, tp1, Vo2 are cycle-averaged values of the
inductor/battery currents, and capacitor voltage, respectively:

r.’ . Ry,(1-D .
ZLl _% O % th ZLl
7 0 _TL _ DRy Dgi—1 i
L2 _ I3 L I L2 +
Tp1 De—1l  Ds — 0 Tyl
RbC R;bC Ry C
vee] | -De 1=Da 0 0 ] |ves
~—— ~——
x A x
ri O Dgi—1
L
0 0 l{;t Vin
L i (1)
0 1—Dgy 0 PN
fin 0 Ub1
0 B«=L 0
L C N——
u
B

1) Steady state analysis

In this operating mode, since the derivatives of the cycle-
averaged DC-side variables tend to zero, the right-hand side
of the system in (1)) should also be equal to zero, yielding:

AX +BU =0, )

where X and U are the steady-state values of the state-space
vector x and the input vector u, respectively. Besides, the
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FIGURE 2. Equivalent circuits of the qZSC in DC side: a) Conventional active states; b) Shoot-Through state.

battery changes the operation in the main circuitry of the
According to Fig. [2] as the battery is in parallel with
(', the voltage in this capacitor can be described as vy =
vp1 — Rypip1, Where vy is battery voltage, Ry is the internal
battery resistance, and 457 is the battery current. Hence, the
current of the battery in steady state is given by

3

Meanwhile, if the parasitic inductor resistances ry are
neglected, the capacitor voltages in steady state V; and
Voo are given by

Iyy = I1o — In1.

1— Dy
VC - Vin,
' 12D, @
Vi — _ Dst
C2 1_ 2Dst in-

As a consequence, the peak voltage at the DC terminals
of the inverter bridge vpy may be described as a function
of the steady-state capacitor voltages or of the boost factor

B provided by the topology:

1
bpy = - Wy =Bum. G
pn = Vo1 + Vo 1_2Dstv v 5

Equations @) and (3)) demonstrate that the DC-side volt-
ages can be controlled by the variable Dy;. Lastly, the power
balance on the DC side of the is expressed as

Py = Ppy + B, (6)

where P, is the power in the inverter bridge, Ppy is the
power generated in array, and P, is the power in the
battery.

2) Dynamic small-signal analysis

From the state-space modeling of the presented in (T,
it can be seen that the equations have a nonlinear relation
to the D, control variable, because of its presence in A
and B matrices. Furthermore, the system input vector u
does not include the variable Dg;. To solve these issues, the
converter model is linearized for a given operating point [[12]],
considering a small-signal variation in the [ST| duty-cycle,

denoted as Jst. With this, the small-signal model of the
is described as

x = Ax + Bi + Bpdy,, @)

where the tilde variables indicate the small-signal varying

part and
VootV —Rplp:

L
Voo+Ve1 —Rylp:

Bp = ®)

IPN—I£1—2IL1

b
Ipn—1Ip1—2111
C

From the results obtained for the modeling, the transfer
functions between the state vector variables and the distur-
bances can be established. To get the transfer function from

d¢ to the j-th variable (x;) in the state vector X, the following
relation is used:

Gy (s)=Cj(sI— A)"'Bp, 9)

where Gzit (s) is the transfer function obtained for the vari-
able of interest, Cj is the output line vector for the variable of
interest, and I is the identity matrix. It is important to point
out that, by using Bp, we will only consider the perturbation
referring to dg;.

With this, two transfer functions of interest are shown
below, as they will be used for the control of the DC
side of the implemented for this work. The first
transfer function is for the inductor current ir1 in relation
to dg, named as Gifstl (s). Therefore, using (O) and with
Cj=[1 0 0 0], one can get

3 2
Gi“(s) aszs” + a8 +a1s + ag
dst

= 10
b454+b353+b282+b15+b07 ( )

where
by = L*C?R,
by = L2C' + 2LC*Ryry,
by = 2LCry, + LORy + LCR,(1 — 2Dy;)? + C?Ryr2
by = L+ 2L(—14 Dg) Dy + Cr} + 2CRyry,
— 4C Dy Ryry, +4CD% Ryry,
bo =711 — 2Dgrp +2D%rp + (1 — 2Dg)* Ry,
(11
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and

az = LC?Ry(Vin + Voo — Rulvy)

ag = C[~2Iy LRy — 2I11 LRy + Ipn LRy — CTyyr R3+
LV + LV + CrpRy(Vir + Vioo)]

a1 = Dg(—Ip1 — 2111 + Ipn)L + C[—2Ip1rL Ry+
IpnrrRy — Ini Ro(2rr, + Ry) + 7. Vo1 + Ry Vi +
(TL + Rb)ch]

ap = Ry[AD2,(Iy1 + 2111 — Ipn) — (2(Ip1 + I11) — Ipn))]
+ Vi1 + Voo — Dy [T (rr. — 5Rp)+

(2I11 — Ipn)(rr — 4Rp) + Vir + Vol
(12)

The second transfer function of interest is for the battery
current 7, as a function of ipy denoted as G;?N(s), that
may be used to design battery current regulator [8]]. Similarly
to (L0}, it is possible to obtain this transfer function by using
Cj=1[0 0 1 0] and the second of the B matrix, denoted
as

0
0

ipn = [ 1=Dst | »
RyC
Dg—1
C

13)

which is the input vector related to the inverter bridge
current ipy. In this way, the transfer function is described
as follows:

Gl:bl (S) — <_1 + Dst)('rL + LS)(l + CS(’I“L + Ls))
N bys* + bgs3 + bys? + bys + by

(14)

B. AC side BA-qZSC modeling

A model for the AC side of the is also needed,
which basically comprises the LCL + R filter on the AC
side [[13]], chosen for the connection with the AC grid as
is shown in Fig. [3] and the inverter switching delay related
to the switching period 7. Since the aim is to control the
currents in the filter on the AC grid side (ig,q5.), the model
considered for the AC current regulation in a3 coordinates
is

(RaCys + 1)6#

i UpN
Grgﬂ — - s 15
aﬁ(S) 2 bf383+bf282+bf18+bf0 ( )
where
brs = LygLy.Cy
byz = Cy[Ra(Lyg + Lyc) +1scLyg +159Lyc] (16)

bpr = Lgg + Lgc+ CplRa(rye +1pg) +7feTp4)
bo =T fcTfg-

Z.g,a.bc

Vg,abc

FIGURE 3. Connection of BA-qZSC with LC L + R filter on the AC side.

C. PV irradiance dynamics and BA-qZSC parameters
Solar irradiation has a significant impact on the power
produced by grid-connected systems. As a consequence,
this effect is relevant to consider for the battery current
regulation in the transient state. According to [14], the
array power variations should be modeled as a first-order
[low-pass filter (LPF)| function, in which the time constant
Tpy depends on the array dimensions. Hence,

kEpy

Ppy = 2PV
PV TPVS"‘]-,

a7
where k corresponds to a constant conversion factor from
irradiance to power, in [m?], and Epy is the instantaneous
solar irradiance in the array. Furthermore, the time con-
stant 7py increases with the area of the PV array, indicating
an increase in the variation smoothing effect as the installed
power of the PV generation increases. This phenomenon is
desirable in view of rejecting power disturbances.

lll. PROPOSED CONTROL DESIGN

A. Main control diagram

The main control system must be able to manage the power
flow of the modules, BSS] and AC grid. In order to
fulfill these objectives, a global control architecture can be
seen in Fig. 4] The control strategy is comprised of two
control loops: (i) one linked to dy;, which is responsible
for controlling the power produced in the array by the
voltage vpy and the [maximum power point tracking (MPPT))
algorithm [9], that was designed using the same methodology
described in [10]; (ii) the other linked to the modulation
index mgp, that implements the conventional current control
in the AC side and the battery current control with the
proposed feed-forward of ppy in a cascade structure, which
gives the active power p+ reference, with a null imaginary
power ¢*. The modulation used in this study is the
[boost control (SBCO)|[15]].

B. Grid Current Control Design

The AC current control loop is designed from the funda-
mentals of stability in frequency response, where the gains
of the continuous-time controller transfer function C,3(s)
are chosen to establish stability margins in the converter

operation. As the controller type chosen is the
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FIGURE 4. Diagram of the proposed control system with battery current
feed-forward.

resonant (PR)] its transfer function is given by

S
Cy =K Kr——, 18
8() P+ Rs2+w% (1%)

where K p is its proportional gain, K is the resonant gain,
and w; is the fundamental angular frequency for 60 Hz. The
plant transfer function (T3) is the same for both o and /3
axes, hence the controllers for each axis will be designed
identically. The simplified control diagram can be seen in
Fig. | An additional gain K, is used in the loop to
normalize in p.u. the measurement of the currents. There-
fore, as can be seen from the AC current control diagram,
the transfer function of the open-loop compensated control
system, considering the measurement gain, is expressed as

Tota(s) = Cap(s)Grml s () K, (19)
..... Plant
o Cas(5) “GmmK ek
]

FIGURE 5. Simplified control diagram of AC current in o3 axis.

The frequency response of the transfer functions of the
plant and the compensated open-loop T, 5(s) can be seen
in Fig. [6] The bandwidth of this control loop should be
chosen to be at least 10 times smaller than the converter’s
switching frequency, which in this case is 6250 Hz. Thus,
the control gains were chosen to obtain a phase margin of
approximately 60° and a crossover frequency f;,_ , of 120 Hz,

since there is no harmonic compensation in the loop. The
gain margin obtained is around 8 dB. Table [I] shows the
values obtained for the gains of the PR controllers.

TABLE 1. PR controller calculated parameters.

Parameter | Value
Kp 0.26
Kgr 64.38

150 T T T
Grrins (5 ||
T()I,im (3)

100 |

50

0

Magnitude (dB)

50 b

-100 . . .
0 T T T
-90 \ |
-180 /—T\NK
-450 . .
10°

10° 10! 10?
Frequency (Hz)

-270 F

Phase (deg)

-360

FIGURE 6. Frequency response plot of AC current compensation.

C. Battery Current Control Design

The approach based on the active power in the DC side
of the [BA-gZSC]| simplifies the definition of the control
plant, since it does not depend on the impedance network
parameters as shown in (I4). As presented in Fig. [ the
[proportional-integral (PI)| controller (denoted as Cj(s) in
this loop) regulates the battery current 4;; by sending an
active power reference p* to the AC current loop. One of
the considered loop transfer functions is the closed loop of
the AC current control. This transfer function with the output
currents in p.u. may be described by the following equation:

TZL(S) _ Tol,aﬂ(s) )

1+ Tol,oz[ﬂ (3)

It is important to clarify that the active power given
as reference for the current control p* corresponds to the
power on the DC side py. of the [qZSC|if the losses in the
inverter bridge are neglected. However, since the internal
loop controls the AC current and not directly the power, one
must multiply the output T;(s) by the voltage so that the
control output is actually the active power. A simplification
adopted in this case is that the closed loop transfer function
of the current has dynamics very similar to the active power
control loop Gy, (s) [16]. Therefore, the following expression
may be written:

Pac(s) = Gp(s)pac(s) = Ti(s)Pac(s)-

(20)

2y

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202534, 2025. 5


https://creativecommons.org/licenses/by/4.0/

Neves et al.: Power-Based Control with Feed-forward Disturbance Rejection for Battery-Assisted Quasi-Impedance Source Converter in Photovoltaic Systems

Besides the AC current closed control loop, it is necessary
to establish the mathematical relationship between the refer-
ence active power p* given by the battery regulator and the
battery current i,;. Therefore, the power flow between the
elements on the DC side of the converter must be analyzed.
Based on (), one can obtain the small-signal model, in view
of the small variations around an operating point. Thus,
considering only the small disturbances and isolating the
power in the battery p; on the left side, one may have

Db = Pdec — PPV - (22)

Finally, to obtain the battery current, the right-hand side
of is divided by the battery voltage V31, which is
considered for the control dynamics in question a constant
value. Therefore, the final equation for the battery current
control project is

~ 1

iy = — (Pde — PPV)-

23
Vit (23)

1) Proposed disturbance rejection

Equation (23) indicates that power changes in array
generation provoke a disturbance in the battery current
control. However, given that the dynamics of the internal
AC current control loop are substantially faster than those
of the external loop, it may be assumed that T;(s) =~ 1. To
reject such a disturbance, the proposed feed-forward loop
aims to cancel out the effect of the disturbance, thus adding
the computed py,, signal to the control effort of the battery
current regulator, as is presented in Fig.

2) Control parameters calculation

The battery current control loop also has a gain K} for con-
version to p.u. system. To compute the battery current control
gains, the open loop frequency response specifications were
used. For this purpose, it is important to define the open loop
transfer function of the battery control T, ;1(s):

1
Vi
As mentioned before, considering the bandwidth of the

inner loop of T;(s), the bandwidth of the outer loop should
be 10 times smaller than the inner loop. In this way, the
crossover frequency f;; considered for the external loop is
6 Hz, while the desired phase margin ¢ is equal to 90°.
To meet such criteria, the controller gains Cj;(s), besides
other relevant parameters, are given in Table [2} where Kp,
is the proportional gain and Kj, is the integral gain of
Civ(s) = Kp, + K1,/s. The diagram presented in Fig.
shows the loop shapes before and after the compensation.

Torin(s) Civ(8)T;(5)Kp = Cip(8)GB1ani(s).  (24)

IV. CONTROLLER HARDWARE IN THE LOOP RESULTS
The C-HIL testing methodology functions as an intermediary
between virtual and experimental testing processes. The rated

TABLE 2. PI controller calculated parameters and system features.

Parameter | Value
Ky 0.05
Kp, 0.25
K, 35.6

values and the significant parameters of the studied [BA|
[gZSC] are presented in Table [3] The qZSC topology with
such parameters was built in Typhoon HIL Control Center®.
Fig. O] details the experimental setup and components to carry
out the results. The converter model runs in a Typhoon HIL
602+® and the proposed control strategy was embedded in
a LAUNCHXL-28F379D® microcontroller. The tests of the
battery current control aim to evaluate the issues of dynamic
performance for reference variation and for disturbance
rejection of [PV] power variations.

However, some issues of real-time implementation must
be considered. Fig. [I0] depicts the implementation scheme
configured in Typhoon HIL 602+®. As can be seen, the
circuit has been divided into two sub-circuits, each of which
is emulated on a separate processing core. The split was
made due to the overall computing expense of the real-time
models for each element included. The partitioning location
was determined using the modeling of the core partitioning
element [[17]. As a consequence of the information transfer
between the cores, this partitioning may lead to latency
between simulated sub-circuits in each core. Despite testing
the real-world control platform of the power converter, the
C-HIL test coverage has limitations. One example is the
measuring sensor accuracy, which is emulated by the output
channels of the real-time simulator. Therefore, the sensors
are not tested together with the controller. Other factors
to consider are the simulator’s output signal clamping and
measurement noise caused by the external connection to the
real microcontroller.

A. Reference tracking performance

Fig. [T1] shows the dynamic response for a step change of
i1 py from O p.u to 1.0 p.u. In this case, the Typhoon HIL
602+ was set to export the signals with a gain scaling of
4.4 A per Volt in the analog outputs for the AC current
channels and 2.2 A per Volt for the battery current channel.
The waveforms in the battery current (2 V/div) demonstrate
that the controller with the proposed gains in Table 2] can
quickly regulate the reference without overshoot. Currents
in the AC side (2 V/div) exhibit a similar dynamic behavior.
This result agrees with the findings presented in [[10].

B. Disturbance rejection performance
1) PV power disturbance: performance and limitations
In order to validate the disturbance rejection performance

of the proposed feed-forward controller, a drop in irradiance
from 1000 W/m? to 300 W/m? at ¢ = 0.0 s was imposed
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FIGURE 7. Control diagram of battery current in qZSC.
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FIGURE 8. Frequency response of the open-loop transfer function of
battery current control design.

in the [PV] array. The effects of this variation are depicted in
Fig.

In this scenario, the output data of the experiment was
exported and plotted with the software MATLAB®. The
graph of the converter input current i1(t) shows the dy-
namics of the expected irradiance variation, according to
(T7). Furthermore, the disturbance rejection capability in the
battery current iy (t) can be validated by inserting identical
disturbances for both cases, with and without feed-forward
control, as illustrated by the curves presented in Fig.

It can be noticed that the feed-forward loop reduces the
disturbance in the battery current. As can be observed,
without the suggested disturbance rejection, the battery cur-
rent reaches a maximum of around 10 A, whereas with
disturbance rejection, the highest value is around 4 A.

The proposed control was also evaluated while disregard-
ing the inherent dynamics of environmental variations in the
El array. In mathematical terms, 7,, = 0. As a result, a
step-type disturbance was used to simulate an instantaneous
change in the generated power, which represents the shut-
down of an area of the [PV] modules via protection devices.
In this situation, it is possible to draw attention to the

Oscilloscope
Yokogawa DL850EV

: Analog — &

L3
LAUNCHXL-28F379D

FIGURE 9. Control Hardware-in-the-Loop (C-HIL) setup.

TABLE 3. qZSC rated values and parameters.

Parameter Value
Rated power Py, 12 kW
Rated AC Voltage Vg 220V
PV voltage at MPP Vpv, i ppt 240 V
Battery voltage V3 380 V
Battery current [ 20 A
Battery resistance Ry, 0.14 Q
Z network inductance L 1.5 mH
Z network parasitic resistance ry, 0.1 Q
Z network capacitance C 3500 pF
Filter inductance (Converter side) L. 1.1 mH
Filter inductance (Grid side) Ly, 0.9 mH
Filter capacitance (Y Connection) C'y 60 uF
Filter damping resistance Ry 0.5 Q2
Equivalent grid inductance Lg 5 uH
Switching frequency fs 6250 Hz
PV array power time constant 7py 0.01s
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https://creativecommons.org/licenses/by/4.0/

Neves et al.: Power-Based Control with Feed-forward Disturbance Rejection for Battery-Assisted Quasi-Impedance Source Converter in Photovoltaic Systems

Core coupling - Ideal Transformer

.
D — /-
Ly a '/ Liga
| e
Lpb Ly b
_{ e
Ly e Lpge
ool AN
A gZSC ‘
| —
\ I /
\ i Load /
Core 1 A Core2 7

FIGURE 10. Diagram of the converter simulated in Typhoon HIL Control
Center C-HIL environment.
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FIGURE 11. Battery current response for reference tracking.

dynamic constraints of the proposed control method, since
the disturbance becomes more critical. The results obtained
for the instantaneous variation mentioned are displayed in
Fig. [13] It is visible that the battery current reached higher
levels during the disturbance. On the other hand, the transient
is put out faster than is shown in Fig [I2] Nevertheless, it is
noticeable that the feed-forward control approach contributes
to reducing the battery current’s maximum value.

To summarize the results and quantify the contribution
of the proposed control, two quantities were measured: the
maximum absolute value of the amplitude of battery current
due to the disturbance, denoted by i;'**, and the time
in which the current returns to between -0.075 p.u. and
0.075 p.u. after the disturbance, denoted by ¢,. The criteria
for the ¢4 battery current amplitude values were established
considering the battery current ripple, which is 0.05 p.u. in
the operating test point. Table [ displays the results obtained
for 4;"* and t, in Fig. [12] and Fig. [T3] The proposed feed-
forward control loop was able to significantly mitigate the
impact of the generated PV power disturbance, even when
its dynamics were ignored.
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FIGURE 12. Disturbance rejection comparison considering 7py = 0.01 s.
The trigger event occurs at ¢t = 0 s.
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FIGURE 13. Disturbance rejection comparison neglecting v . The
trigger event occurs att = 0 s.

2) AC Load disturbance

The load variation test was performed by connecting a load
with a unity power factor to the AC side of the converter.
This load has a a nominal power consumption of 12 kW,
which corresponds to the PV array’s peak power. Then, the
load power consumption is instantaneously reduced to half
the maximum generating power (6 kW), simulating the turn-
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TABLE 4. Performance results for PV power disturbance tests.

Considering 7py
Metric Without feed-forward [IEI] With feed-forward
iy (A) 9.91 5.17
ts (ms) 156.49 78.76
Neglecting 7py
Metric Without feed-forward M With feed-forward
iy (A) 27.93 20.13
ts (ms) 65.85 24.22
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FIGURE 14. Battery current disturbance due to load variation on the AC
side of the converter.

off of a portion of the load on the AC side. The results found
for this disturbance are shown in Fig. [T4]

The variables i, 7, and 7. represent the output AC currents
provided by the qZSC, whereas i, , 44, and %4, are the
three phase AC grid currents. Despite the significant variance
produced by the AC demand, the battery current remained
constant. This implies that the proposed control is unaffected
by this disturbance. It is worth noting that the response to
this type of disruption was the same with and without the
feed-forward loop.

3) AC grid voltage disturbance

Finally, the behavior of the proposed control in the face of
disturbances in the AC grid voltage to which the converter
is connected was evaluated. The effects observed on the
converter’s AC output currents and the battery current due
to this disturbance are shown in Fig. [I3] In this case,
a fifth harmonic with an amplitude equal to 5 % of the
nominal voltage value was added to the fundamental voltage
component in each phase.
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FIGURE 15. Battery current disturbance due to 5% of the nominal
amplitude of the fifth harmonic distortion in the AC grid voltage.

It is evident that the converter’s AC side currents acquire
a low-frequency harmonic content, resulting in a 8.90 % of
total harmonic distortion (THD). Furthermore, as predicted
by the instantaneous power theory [18]], the AC grid distor-
tion results in disturbances in the battery current at 360 Hz.
Nevertheless, the small size of these disturbances indicates
that the battery current is not sensitive to harmonic distortion.
In particular, the harmonic distortion of the AC grid caused
an additional 0.84 A ripple in the battery current in the sixth
harmonic while the ripple without distorted AC grid voltage
is 1.0 A.

V. CONCLUSION
In this work, a feed-forward loop strategy has been proposed
for a power-based control method of battery current control
in the [BA-qZSC| topology. The C-HIL results validate the
proposed disturbance rejection mechanism, as the impacts of
variation have been dampened by the feed-forward control
loop of power in the [PV] array. The control performance
in the reference tracking of the battery current regulator was
also demonstrated. Furthermore, the control approach can be
employed in situations where there is periodic change in [PV]
active power, such as in implementations with the Perturb
and Observe (P&O) [MPPT] algorithm.

The reported results indicate that a validation using more
realistic oscillations in PV generation would be appropriate
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to verify the operation of the proposed control technique.
Further study could thus be conducted in the context of
developing an experimental prototype to evaluate the results
discovered in C-HIL in practice. It is also possible to use
the control strategy proposed for the topology for
other alternative energy sources that have intrinsic variations
in their operation and can be connected to the DC side of
the converter. Lastly, in higher power systems, the control
method is similar and may be implemented by recalculating
the controller gains, but with the advantage of raising the
time constant 7,,,, which results in intrinsically smoother PV
power fluctuations.
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