IET Renewable Power Generation l m
The Institution of

Research Article Engineering and Technology

ISSN 1752-1416

Received on 31st December 2019
Revised 6th May 2020

Accepted on 18th May 2020
E-First on 22nd July 2020

doi: 10.1049/iet-rpg.2019.1504
www.ietdl.org

Simple and fast computation photovoltaic
emulator using shift controller

Razman Ayop' =, Chee Wei Tan', Abba Lawan Bukar'?

School of Electrical Engineering, Universiti Teknologi Malaysia, 81310, UTM Johor Bahru, Malaysia
2Faculty of Electrical Engineering, University of Maiduguri, P.M.B 1069, Borno, Nigeria
= E-mail: razman.ayop@utm.my

Abstract: Photovoltaic (PV) emulator (PVE) is a non-linear power supply that produces a similar output to that of the PV
module. It requires a closed-loop controller such as the proportional—integral (Pl) and fuzzy logic controllers to operate properly.
The PI controller has a low-computational burden and is not robust since the transient response varies under different load
conditions. Although the fuzzy logic controller is robust, it requires high-computation capability. This study proposed an
alternative approach called the shift controller for the PVE to easily compute and maintain a fast transient response under
various load conditions. The performance of the proposed shift controller for the PVE is compared with the performance of the
PVEs using the Pl and fuzzy logic controllers, respectively. The controllers are simulated using MATLAB/Simulink and
implemented using dSPACE ds1104 for experimental validation. The results show that the proposed shift controller computes up
to 18 times faster than the fuzzy logic controller. The proposed controller also responds faster to load change than the PI

controller.

1 Introduction

The photovoltaic (PV) emulator (PVE) is a non-linear power
supply that produces similar current—voltage (/—F) characteristic to
that of the PV module or array. The use of PVE allows a flexible
experimental condition for the PV energy generation system. The
irradiance level is easily controlled using the graphical user
interface, instead of relying on irradiance from the sun or an
expensive controllable light when conducting the test on the PV
system. The PVE is also commonly more efficient than the PV
module, which allows the use of a lower rating power supply
during the testing phase.

The PVE consists of the power converter and PV model
interconnected by the control strategy [1, 2]. The function of the
control strategy function is to determine the operating point of the
PVE based on the load, irradiance, and temperature. The control
strategy for the PVE is said to be robust if it can rapidly and
accurately compute the operating point. The commonly used
control strategies include the direct referencing method (DRM),
hybrid-mode control, and resistance feedback method [3, 4]. The
DRM uses a power converter to compute the operating point. It is
easy to implement, but it takes a longer time to compute for the
operating point and the output voltage oscillates under certain
conditions. The hybrid-mode control method reduces the
oscillation problem faced by DRM [5, 6]. However, the hybrid-
mode control strategy is complex since it requires multiple PV
models and controllers for the power converter. The resistance
feedback method provides an accurate and reliable operating point
for the PVE [7, 8]. Nonetheless, this control strategy requires a
non-conventional PV model.

The conventional PV model used by various control strategies
is the -V PV model, which has voltage as the input and current as
the output. On the other hand, the resistance feedback method
requires current-resistance (/—R) PV model and has resistance as
the input and current as the output [7, 9]. Although the
characteristic equation between the /-V and /-R PV model is
different, both of these equations are derived from the same PV
equivalent circuit. Therefore, the results from these two PV models
are the same.

There are two components involved in the power converter of
the PVE, namely: the type of the power converter and the
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controller for the power converter. The buck controller is
commonly used in the PVE application [3, 10, 11]. The flyback and
forward converters are also implemented in the PVE for the
galvanic isolation [12, 13]. The resonant converter allows the PVE
to operate with the soft switching [14, 15]. Nonetheless, the
operation is highly limited.

The controller for the power converter applied in the PVE
affects the transient response. The PVE needs to have a fast
transient response similar to the PV module [16]. Therefore, a good
controller for the power converter is needed in the PVE
application. The basic controller for PVE is to manually calculate
the duty cycle based on the reference input [17]. However, this
approach is prone to error. The proportional-integral (PI) controller
is commonly used for the PVE since it is easily implemented and
requires low computation [3, 7, 18]. This characteristic is important
since the hardware platform also needs to compute the PV model to
obtain the operating point for the PVE. The Pl-derivative (PID)
controller is also used in the PVE and has a low-computation
burden almost similar to the PI controller [10, 19]. Nevertheless,
both PI and PID controllers require complex mathematical
modelling of the power converter and complex tuning method.

The other controllers used for the PVE are the linear quadratic
regulator (LQR) [20] and model predictive control (MPC) [21].
The LQR and MPC have better performance than the PI controller
[22]. Nonetheless, it involves complex mathematical derivation.
The hybrid fuzzy controller is also used for the PVE. This
controller combines with the PI [23] or PID [24] controllers to
improve transient performance. The fuzzy controller is complicated
since it involves a lot of mathematic equations during the
operation, which burdens the hardware platform.

If a complex controller such as the fuzzy logic is used, the
computation time becomes longer and this may result in unstable
operation and inaccurate emulation. Despite the aforementioned
advantages of the PI controller, the mathematical derivations of its
transfer function for the power converter are quite complex. The
techniques used to design the PI controller are also complicated.
Besides, the PI controller is not robust. The transient response may
become significantly slower when the load changes, which affects
the performance of the PVE [7, 25]. In view of the foregoing
analysis, it is, therefore, essential to design a controller with a low-
computational requirement, with a fast transient response, highly
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Fig. 1 Single diode model

Table 1 Parameters of the Ameresco Solar80J-B PV

module [29]

Parameter Value
open-circuit voltage, Voc 444V
short circuit current, /¢ 232A
maximum power voltage, Vimp 352V
maximum power current, Imp 215A
maximum power, Pmax 75.71 Wp
temperature coefficient of /s, a 0.0024 A/°C
temperature coefficient of V¢, B -0.4V/°C
number of cells in series, Ng 72
ideality factor, As 1.65
series resistance, Rg 1.00 Q
parallel resistance, Ry, 3500 Q

robust, and requires no transfer function of the power converter to
improve the quality of the PVE.

This study proposed a new controller called shift controller for
the power converter. The proposed controller has a low-
computational burden and fast response under various load
conditions. The controller is implemented in the PVE and the
results are compared with the PVEs based on the PI and fuzzy
controllers. All PVEs use the same buck converter and PV model
to produce an unbiased comparison. The buck converter uses a
current-mode controlled closed-loop system, while the single diode
model is used as the PV model. The control strategy used for the
PVEs is the resistance feedback method due to its robustness. The
PVEs are simulated using the MATLAB/Simulink and
experimentally validated using dSPACE ds1104 rapid prototyping.

The study commences with the design of the components of the
PVE, which includes the conventional PV model and the buck
converter. The next section discusses the conventional controllers
used as the benchmark for the proposed controller. These
controllers are the PI and fuzzy logic controllers. The proposed
shift controller is discussed in Section 4. The last section covers the
results and discussions of the proposed controller and the
comparison with the PI and fuzzy logic controllers. The analysed
performances include computational time, accuracy, and transient
responses.

2 Components of PVE

Basically, the PVE is composed of the PV model and power
converter. The PV model and power converter are the single diode
I-R PV model and buck converter, respectively.

2.1 -R PV model

Since the resistance feedback control strategy is used, the I-R PV
model is used instead of the conventional /- PV model. The /-R
PV model is based on the single diode model shown in Fig. 1. This
model is suitable for the PVE since it is simple and accurate. The
characteristic equation of the /~R PV model is shown in (1) [7, 8].
The diode current, /g, photocurrent, /;,, and saturation current, /,
are calculated using (2)—(4), respectively [26-28]. The parameters
of the model are based on the Ameresco Solar80J-B PV module,
which is shown in Table 1 [29]
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| Calculate I,, and E,.

lpv{max} = lpv

lpv(min) = lpv

End

Fig. 2 [-R PV model computation using the binary search method

Iy(R,, — R
Ipv=lph—1d—p(pT) (D
Invg(Ryy — Ry)
_ pv pv s)| _
Iy= IS(eXp(—AfkT ) 1) 2)
G
Iph = G_(Isc + a(T - Tstc)) (3)
stc
I = Isc + a(T - Tstc)
T Ba(T — Ty) (4)
CXP(VOC + T -1

where I,, denotes the PV current (A), ¢ denotes the electron charge
(1.6 x 107" C), R,y denotes the PV resistance (€2), Rs denote the
series resistance (), 4¢ denotes the ideality factor, k denotes the
Boltzmann constant (1.38 X 107J/K), T denotes the temperature
of the p-—n junction (K), R, denotes the parallel resistance (€2), G
denotes the irradiance (W/m?), STC denotes the standard test
condition (1000 W/m? and 25°C), I, denotes the short circuit
current (A), Gy denotes the irradiance under STC (1000 W/m?), «
denotes the temperature coefficient of Iy, T denotes the
temperature under STC (25°C), V,. denotes the open circuit
voltage (V) and f denotes the temperature coefficient of V.

The I-R PV model is an implicit equation that requires a
numerical method to solve. Therefore, the /-R PV model is
computed using the binary search method [7, 8]. To implement the
binary search method into the /—~R PV model, the characteristic
equation is modified from (1) to become (5) and (6). The computed

Ipy is calculated using (7), which the maximum Zpy, /yy(max), @and
minimum Zpy, Ipy(min), 18 updated in each iteration using the

algorithm shown in Fig. 2

Epym = Iph — Lim — R~ Iy (5)
P
Iny(Ryy = R
Ly = ls(e . (A'EVT ) _ 1) (6)
Iv(max) — Tpv(mi
Ly = Doy + (w) 7

2.2 Buck converter

The PVE that produces the V, and [, without the ripple is
preferred. Since the buck converter is a switched-mode power
supply, this ripple cannot be avoided. Nonetheless, the advantages
outweighed the disadvantages. The buck converter is highly
efficient, easily controlled, requires a low number of components,
and low in cost. These advantages make the buck converter
commonly used in the PVE application.

Three components need to be determined for the buck
converter. These components are shown in Fig. 3, which include
the input voltage (), inductance (L), and capacitance (C).
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Fig. 3 Circuit diagram of the buck converter with internal resistances

Table 2 Specifications of the buck converter

Parameter Value
input voltage, V; 60V
switching frequency, fg 20 kHz
duty cycle, D 0.05-0.80
inductance, L 1.75 mH
internal resistance of inductor, rn_ 0.83Q
capacitance, C 36 uF
internal resistance of capacitor, rc 0.26 Q
output resistance, R, 5-90 Q
MOSFET drain-source on resistance, Rgs(on) 0.28Q
diode forward voltage, Vs 0.44V

\ 4

l ref Gc(s)

~
lo

Gy(S) ‘I/I:,

Fig. 4 Block diagram of the closed-loop current-mode control buck
converter system using the PI controller

The V; needs to be higher than V. and the V; is calculated using
(8) [8, 30]. The maximum R, Romax), affects the L required by the
PVE with the buck converter. A larger L is needed for a larger
Ro(max) to maintain continuous current mode. For the optimum
performance of the PVE, the Rynax) is calculated during the
operation at the maximum power point for the low G, as shown in
(9). The L is also calculated during that condition, which is shown
in (10) [8, 30]. The V, ripple is large when the V, is low. The ¥

ripple is manipulated using the C, which is calculated using (11) [8,
30]

V
Vi= g ®)
Vm G(min)
R = —p’ 9
o-max Imp_G(min) ( )

V. .
(1 _ mp_G(min) ) Ro_max

Vi (10)
L= 2,
_ 1- Dmm
TP b

where Dy is the maximum D, Vigp G(min) 18 the maximum power
voltage at minimum G, Iy G(min) 1S the maximum power current at
minimum G, fy is the switching frequency, Dy, is the minimum D,
and yy, is the output voltage ripple factor.

Dinax 1s set to 0.8 and the calculated V; is 55.5 V. The chosen V;
is 60 V to compensate for the non-ideality of the components in the
buck converter. The calculated Rymay) is 74.9 Q at 200 W/m?. The
chosen Rymax) is 90 Q, which allows the PVE to emulate the
constant voltage region at 200 W/m2. The calculated L is 1.06 mH,
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in which the Vinp G(min) obtained from the PV model is 31.7 V. A
higher L is chosen to avoid discontinuous current mode operation,
in which the chosen L is 1.75 mH. The calculated C is 17 pF and
the C is increased to 36 uF to accommodate the internal resistance
of the capacitor, rc. The parameters of the buck converter are
shown in Table 2.

3 PVE using conventional controller

Two types of conventional controllers are implemented in two
separate PVEs. These PVEs are used as the benchmark to compare
the performance of the proposed PVE. The conventional
controllers are the PI and fuzzy controllers. Several criteria are
listed for a fair comparison between the controllers:

* All controllers are designed at the load of 5 Q.

* The controller is designed with the settling time, #;, around 3 ms
with no overshoot at 5 Q.

» The designed controllers are fixed for all load ranges.

Since the buck converter performs faster at low load conditions, the
design of all controllers is focused on 5 Q load, which is the lowest
limit set for the PVE. If the PI and fuzzy controllers are tuned to a
specific load, the performance of these controllers is nearly similar.
However, if a different load is tested with the same controllers, the
performance of this controller becomes different. The ability of the
controller to maintain the performance at various conditions is
called robustness. To test the robustness of the controller, the
performance at a specific load is established. All the controllers
need to have the #; around 3 ms with no overshoot when the load is
5 Q. Then, the load is changed and the robustness of the controller
is analysed.

3.1 PI controller

The transfer function for the buck converter, G,, and the PI
controller, G, are shown in (12) and (13), respectively [31]. The
relationship between (12) and (13) is presented in Fig. 4. The
proportional gain, K, and integral gain, Kj, are tuned using the
‘PID tuner’ function in MATLAB/Simulink. The K, and K; are
0.0063 and 85.26, respectively

1
d Vi IC
Gils) = f(S)) "R 1T T (12)
1o(s o 2 L
s”+ ROCS+ I
Gus) = S _ K, + Kils (13)
d(s

where d is the small signal of D, fo is the small signal of I, and é;
is the small signal of Ef.

The stability of the PI controller is analysed using a bode plot.
The analysis is conducted at the Ry(min), Which is 5Q. A good
closed-loop system needs to have a large gain and phase margins.
By referring to Fig. 5, the gain and phase margins are large. With
the load of 5 Q, the gain and phase margins are 22.8 dB (at 5950
rad/s) and 77.1° (at 879 rad/s), respectively. This PI controller
produces 0% overshoot and #; of 3.6 ms. This follows the specified
criteria of the controller's design. Note that this result is based on
the transfer function and not an actual circuit.

The PI controller was implemented in the PVE based on the
resistance comparison method shown in Fig. 6. The V, and [, are
measured and the R, is digitally calculated by dividing the V, over
the /,. The I..r is calculated by the /-R PV model based on R,, G,
and T. The /¢ is compared with /, to obtain Ef. The D is calculated
by the PI controller based on Ef The pulse-width modulation
(PWM) produces the switching pulse, sp, according to D. The sp
controls the buck converter and the process is repeated.
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Fig. 5 The design of the PI controller
(a) Bode plot of the closed-loop buck converter system at 5 Q,
(b) Summary of the MATLAB PID tuner at 5 Q
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sp
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Fig. 6 Block diagram of the PVE using a PI controller (PVEPI)

PWM > sp

3.2 Fuzzy controller

The fuzzy controller is designed according to the heuristic criteria.
This is different from the PI controller based on the complex
derivations and mathematical equations. The fuzzification is the
interface that converts the controller input into the information that
is used by the fuzzy interference shown in Fig. 7 [32-34]. The
fuzzy interference emulates decision making based on the rules.
The defuzzification converts the conclusions of fuzzy interference
and produces the output.

The fuzzy controller for the buck converter is based on these
criteria [34]:

* The change of D, dD, needs to be large if /, is far away from
Lref:

* The dD needs to be small if /; is close to /et

* The D needs to be fixed to prevent overshoot if /, reaches ;or
and /, approaches /¢ rapidly.

* A small dD is needed to prevent /, from moving away from /¢
if 1, reaches /I;¢ and I, still changing.

» The D needs to be fixed if /, reaches /;or and I, reaches a steady
state.

» The sign of dD needs to be negative if /; is above /,.t.

Based on the above criteria, the membership functions and fuzzy
matrix rules produced are shown in Fig. 8 and Table 3, respectively
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Fig. 7 Block diagram of the fuzzy logic
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Fig. 8 Triangular membership function for Es, Ef, and dD

Table 3 Fuzzy rule matrix [34]

E¢
NL NS V4 PS PL
Ef NL NL NL NL NS 4
NS NL NL NS 4 PS
z NL NS z PS NL
PS NS 4 PS PL PL
PL 4 PS NL PL PL

|
-0.5
Ef/(/‘]) -1 1 E‘\P\\

Fig. 9 3D surface of the fuzzy logic corresponding to the membership

functions and fuzzy rule matrix

[34]. The membership functions for Ey, the derivative of Ey, Ef, and
the change of D (dD) consist of five parts, which are the negative
large, negative small (NS), zero (Z), positive small (PS), and
positive large (PL). The E¢ and Ef are the input for the fuzzy logic
and the dD is the output for the fuzzy logic.

The 3D surface generated from the membership functions and
fuzzy rule matrix is shown in Fig. 9. The surface shows that dD is
large when Eis large and dD is small when Ef is small. The dD is
zero when Eyr is zero or if Efis large. The dD is small if Ef is
already zero, but Ef is still changing. The dD is zero if Ef and Ef
are zero. These characteristics correspond to the criteria set to
control the buck converter.

The fuzzy logic is implemented in the PVE according to Fig. 10
[35]. The V, and [, are measured and R, is digitally calculated by
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Fig. 10 Block diagram of the PVE using a fuzzy controller (PVEF)

Table 4 Common relationship between error and duty cycle
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Fig. 11 Concept of the shift controller

dividing V, over I,. The I.f is calculated by the /-R PV model
based on Ry, G, and T. The ¢ is compared with /, to obtain Ef.
The Eyis divided by I,.r to standardise the input for the fuzzy logic.
The derivative of Ef is calculated. The Er and E} are fed into the
designed fuzzy logic to produce dD. The dD is multiplied with the
fuzzy dD gain, Kgy4, and it is added with the previous D, D(;-), to
obtain the current D, Dy;). The Kgyq is adjusted to 0.0122 to ensure
ts 1s 3 ms at 5 Q load, which follow the controller's design criteria.
The PWM produces sp according to Dy;). The sp controls the buck
converter and the process is repeated again.

4 PVE using the proposed shift controller

The concept for the shift controller is based on the characteristic of
the conventional fuzzy logic controller and it is derived using a
single linear equation. This controller is then implemented into the
PVE using the resistance feedback method, which is a similar
method used for the PVEs using a conventional controller.

4.1 Proposed shift controller

Based on the PI and fuzzy logic controllers, a controller for the
buck converter commonly uses the Erto determine D. To obtain the

current D, Dy;), the dD is added to the previous D, D;1), as shown
in (15)

D(l) = D(i, 1) + dD (14)

The larger the absolute Ef, the larger the absolute dD. For the
negative feedback system of the buck converter, if Ef is positive,
dD produced by the controller is positive. While if E¢ is negative,
the dD produced by the controller is negative. The dD produced is
zero when Ey is zero and the system achieves the steady-state. This
relationship is tabulated in Table 4.
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The relationship shown in Table 4 also can be represented in the
form of a linear equation in Fig. 11, in which Ef is at the x-axis and
the dD is at the y-axis. The gradient of the line, m, is the
compensation gain and the intercept on the y-axis, ¢, is equal to
zero. The c is equal to zero because when Eris Z, dD is Z.

Although this approach allows the output of the buck converter
to follow the reference input, the transient response produced is
slow. The transient response becomes faster if m is increased.
Nonetheless, the system oscillates and becomes unstable when m is
too large.

To overcome this problem, the absolute dD is temporarily
increased during the transient response, which is a similar concept
to the fuzzy logic controller. This is observed in Table 3, in which
dD is temporarily increased when Ef increases.

The temporary increase in dD can be imitated in a linear
equation by shifting the line shown in Fig. 11. If E¢ is positive, the
system is in the transient mode. The c is increased or shifted-up to
increase dD, which produces a faster transient response. If Ef is
negative, the system is also in the transient mode. The ¢ is
decreased or shifted down to increase the dD to the negative
direction, which also results in faster transient response. When E¥ is
zero, the system achieves steady state.

The ¢ needs to move to the zero or original state to avoid
oscillation or unstable output. The shifting of the ¢ depends on the
transient state. The transient state of the system is measured by
calculating the change of Ef, dEf. A larger absolute dEy shows the
system is in the early portion of the transient state and a small
absolute dEy shows the system is in the final portion of the
transient state.

Based on this concept, the controller is realised using the linear
equation shown in (15). This equation is modified according to
Fig. 11 and the equation becomes (16), in which m is assumed
equal to one for derivation simplification. The dEy is the difference
between the current dEy, dEg;), and the previous dEf, dEf;-1),
which is substituted into (16) to become (17). The current dD, dD;
is simplified and the final equation is shown in (18)

y=mx+c (15)

dD = E; + dE; (16)

dDy) = Egg) + (Ex) — Exi ) a7
dDg) = 2Eq;) — Exi- ) (18)

The Dy;) is calculated by adding D(;-1y to the product of the dD;
and the dD gain, K44, as shown in er. The K44 is tuned manually
using the trial and error method. The K44 is 0.01 that produces g
around 3 ms at 5 Q load, which follows the controller's design
criteria. The shift controller presented in (19) is a simple equation
that requires low computation. As a result, the sampling time
required by the hardware platform is lower, allowing a higher
frequency operation of the buck converter and faster transient
response. Since PVE operating points change based on load, G, and
T, the dD(;) needs to adapt with reference input, Ref. To do this,
dD;) is divided by Ref

Kad
Dy = D1y + o (2B = Eri-n) (19)

4.2 Implementation of shift controller into PVE

The V, and I, were measured and the R, was digitally calculated
by dividing ¥V, by /,. The I¢f was calculated by the /-R PV model
based on the R, G, and T. The /.f was compared with /, to obtain
Eg;). The D(;y was calculated using the proposed shift controller,
which is from (19). The Ref is obtained from /... The Eg;-1) and
D1y are obtained using the ‘memory’ block in MATLAB/
Simulink. The ‘memory’ block is affected by the sample time.
Therefore, the sample time for this block is fixed. The D(;) was fed
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Fig. 12 Block diagram of the proposed PVE using shift controller (PVES)
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Fig. 13 Experimental validation setup

into the PWM to produce sp. The sp controlled the buck converter
and the process was repeated (see Fig. 12).

5 Results and discussions

The simulations and experimental validations are conducted to
examine the capability of the proposed shift controller in
improving the performance of the PVE. The performance
examination includes the computation of the controller, its
accuracy, and transient response of the PVE.

The experimental validation setup is shown in Fig. 13. The V,
and [, are measured using the LEM-LV25 and LEM-LYO0S5,
respectively. The sensors are connected to the interface board, in
which the measured V, and [, are transmitted to dSPACE ds1104
via dSPACE connector. The PVE's controller produces the sp. The
sp is amplified by the gate driver from 5 V to 15 V. The amplified
sp is connected at the gate of the buck converter's metal oxide
semiconductor field-effect transistor (MOSFET).

5.1 Computation of controller

A small tg,,, is important to control the PVE properly. As the ¢,
reduces, a higher f; is able to be used. This reduces the L and C
needed by the buck converter to maintain continuous current mode
operation and the desired output voltage ripple factor, respectively.
As a result, faster transient response is achieved for the PVE. The
tsam used in the simulation is fixed to 50 us. However, in the
experimental validation, the f,,, depends on the complexity of the
controller. A complex controller requires a longer time to compute,
thus has a higher #.,,,. In the experimental validation, the f,, is
measured using dSPACE ds1104.

By referring to Table 5, the PVE using the PI controller
(PVEPI) requires 31 ps to compute the PV model and the PI
controller using dSPACE ds1104. The fast computation is due to
the simplicity of the PI controller. This is because the PI controller
only consists of two gains and an integrator. Nonetheless, the
PVEF requires 518 ps to compute the controller, which is up to 16
times slower than the PVEPI. The high ¢, is caused by the
complex fuzzy logic used in the PVE's controller. The fuzzy logic
consists of 15 membership functions that need to obey 25 rules,
which involve a lot of mathematic equations. Since the proposed
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Table 5 Sample time needed by dSPACE ds1104 to
compute the PVEs with the various power converter's
controllers

Type of PVE Sample Time, fsam
PVEPI 31 us
PVEF 518 us
PVES 29 us
25 = :
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Fig. 14 The accuracy test based on the simulation
(a) Simulated V, and I, mapped on the /-V characteristic curve,

(b) Corresponding PVE error compared to the PV model

shift controller is based on a simple basic linear equation, the
computation time of the PVE using the shift controller (PVES)
only requires 29 us to compute. The computation time of the
proposed PVES is faster than the computation time of the PVEPI
and PVEF. This shows that the PVES does not burden the hardware
platform, which allows the PVE to operate at a high f; and
produces a fast transient response.

5.2 Accuracy of PVE

The accuracy of the V, and I, is the steady-state response analysis
and it is an important aspect in analysing the performance of the
PVE. A highly accurate PVE is able to follow the PV model
accurately and has zero steady-state error. The simulation results in
Fig. 14a show that all PVEs are able to follow the I~V
characteristic curve of the PV model at 400 and 1000 W/m?2. The
load is ranged from 10 to 90 Q with the step-changed of 5 Q. The
PVE error, Epye, is calculated using (20), which allows a more
detailed view on the accuracy of the PVE. The higher the £y, the
lower the accuracy of the PVE

Epve = |Io = Ine|/ Iy X 100% (20)

The Ep. is calculated at various conditions and the results are
shown in Fig. 14b. The maximum Ey. for the PVEPI, PVEF, and
PVES are under 1 x 107%. The Epye is low because there is no
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Fig. 15 The accuracy test based on the experiment
(a) Experimental V and 7, mapped on the /-V characteristic curve,

(b) Corresponding PVE error compared to the PV model

Table 6 T, and the time increase of various controllers

Type PVEPI PVEF PVES
load 5 Q 3.5ms 3.0ms 3.5ms
load 90 Q 69.0 ms 109 ms 141 ms
time Increase, finc 19.7 3.6 4.0

sensors error. The computation time for the simulation is low (<1
us), which allows the controllers to operate properly and
accurately. If these results are compared with the other simulated
PVE, the error is significantly lower [13, 36]. This is because the
PVEPI, PVEF, and PVES use the resistance feedback control
strategy, which is more accurate and stable than the conventional
DRM [1].

The experimental results for all PVEs are shown in Fig. 15.
Based on Fig. 154, the PVEPI and PVES are able to follow the /-1
characteristic curves of the PV model. However, the PVEF is
unable to follow these curves. This is due to the very high sampling
time required by the fuzzy controller, which is 518 ps. The high
sampling time highly affects the ability of the PVEF to produce an
accurate V, and /,. The maximum £, for the PVEF is 26.2%, as
shown in Fig. 15b. This shows that the low sampling time is
important to ensure the PVE is accurate. The maximum £, for
PVEPI and PVES are 0.4 and 0.4%, respectively. The experimental
maximum £ is higher than the simulation maximum £,
because of the error caused by the sensors.

5.3 Transient response of the PVE

The transient response is also an important aspect in analysing the
performance of the PVE. The PVE needs to be fast since the PV
module has a fast transient response. The transient response
analysis is conducted using the irradiance and load tests. The
performance of the PVEs is measured using the # of the /,, which

is the time taken for the /, to reach within 2% of the final value.
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Fig. 16 Simulated waveform of 1, based on various controllers with the
load of

(@)5Q,

() 90 Q at 1000 W/m2,

(¢) Corresponding tg for 5 and 90 Q loads

5.3.1 Robustness test: The robustness of the controller is the
ability of the controller to maintain performance at various loads.
The performance of the PVEs is measured using the ¢ of the /,. By
referring to Figs. 16a and ¢, the PVEPI, PVEF, and PVES
performance are almost similar, which are 3.5, 3.0, and 3.5 ms,
respectively. The reason is that all of these controllers are designed
according to the controller's design criteria, which ensure a fair
comparison between the controllers.

A robust controller only shows a small-time increase and the
results are tabulated in Table 6. Based on Figs. 165 and c, the ¢, for
the PVEPI, PVEF, and PVES are 69.0, 109, and 14.1 ms,
respectively.

To quantify the robustness of the controllers, the time increase,
tine, 1s introduced and expressed in (21). A smaller ¢, represents a
more robust controller. By referring to Table 6, the #,. for the
PVEPI, PVEF, and PVES are 69.0 times, 3.6 times, and 4.0 times,
respectively. This shows that the PVEF and PVES are more robust
than the PVEPIL.

_ L for 5Q 21
fine = t, for 90 Q @1

5.3.2 Irradiance test: The irradiance test determines the response
of the PVE during the G changes. The G is step-changed from 400
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Fig. 17 Simulated waveforms of the PVE based on the various controllers

under the step-changed of the irradiance from 400 to 1000 W/m? with the
load of 15 Q

(a) The waveforms of V,

(b) The waveforms of 7,

to 1000 W/m? at 0.1 s. During this test, the load and T are kept at
15Q and 25°C, respectively. The V, and I, of all PVEs are
measured and the simulation results are shown in Fig. 17.

The ¢ for the PVEPI, PVEF, and PVES are 10.4, 4.2 and 4.2
ms, respectively. The PVEPI response is slower than the PVEF and
PVES. The PI controller is designed for a wide range of loads
(from 5 to 90 Q). This is because the load for the PVE changes
based on various conditions. Since the stability margins at a low
load are smaller than the stability margins at high load, the design
of the PI controller is based on 5 Q. As a result, the transient
response becomes slow at 15 Q. This is different for the PVEF and
PVES, in which these controllers are robust against the load
change. As a result, the transient response is kept fast even when
the load is 15 Q.

The irradiance test is conducted experimentally similar to the
condition in the simulation. The PVEPI requires 10.3 ms to achieve
steady-state, as shown in Fig. 18, which is only 0.1 ms different
from the simulation. While the PVES is able to achieve steady-
state in only 4.0 ms, which is only 0.2 ms faster than the simulation
result. The results obtained from the experiment correspond to the
simulation results, in which the proposed PVES is faster than the
PVEPIL

The experimental result obtained from the PVEF is different
from the simulation result. The simulated #; for the PVEF is only
4.2 ms. While the experimental #; for the PVEF is not obtained
since the /, does not follow the /s when the irradiance changes.
This fail emulation process is caused by the very large f,,, of the
PVEF (518 ps). The hardware platform does not have enough data
samples for the fuzzy controller to control the PVEF during the
transient state. As a result, the fuzzy controller cannot produce
proper D based on the Ef. There are two approaches to overcome
this problem. The first approach is by reducing the f;. When the f;
is reduced, the L and C increase to maintain continuous current
mode operation and a similar yy,, respectively. As a result, the

performance of the PVEF becomes slower. The second approach is
by replacing the dSPACE ds1104 with a much faster hardware
platform. The problem faced by the current hardware platform is
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Fig. 18 Experimental V, and I, of the PVE based on the various
controllers under the step-changes of the irradiance from 400 to 1000
W/m? with a load of 15 Q

(@) PVEPI,

(b) PVEF,

(c) PVES

the large sample time. By using a faster hardware platform, the
experimental results similar to the simulation results are obtained.

5.3.3 Load test: The load test determines the response of the PVE
during the load changes. During this test, the G and T are kept

constant at 1000 W/m2 and 25°C, respectively. The load is step-
changed from 10 to 60 Q at 0.1 s. The simulation ¢ for the PVEPI,
PVEF, and PVES are 36.6, 6.6, and 10.2 ms, respectively. The
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Fig. 19 Simulated waveforms of the PVE based on the various controllers
under the step-changed of the load from 10 to 60 Q at 1000 W/m?

(a) The waveforms of V,
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results presented in Fig. 19 show that the PVEPI response slower
than the PVEF and PVES.

While the proposed PVES is slightly slower than the PVEF.

The experimental results for the load test are shown in Fig. 20.
The experimental #; for the PVEPI is 35.9 ms, which is 0.7 ms
faster than the simulation #;.. The experimental ¢, for the PVES is
15.7 ms, which is 5.5 ms lower than the simulation #,. The
experimental results also prove that the proposed PVES has a faster
response during the load changes than the conventional PVEPIL. A
similar problem is faced by the PVEF during the load change. Due
to the large fg,m,, the fuzzy controller in the PVEF is unable to
operate properly and the /, does not follow the /.

6 Conclusion

The PVE requires a closed-loop controller to produce a correct
output voltage and current based on the input reference produces
by the control strategy. The PI controller requires a low-
computational capability but has a poor performance. The fuzzy
logic controller has outperformed the PI controller, yet it requires a
high-computation capability. The proposed shift controller is
compared with the conventional PI and fuzzy logic controllers by
applying it to the PVE, and the results show that the proposed
PVES computes faster than the PVEPI and PVEF, respectively.
Accordingly, the implemented PVES hardware is able to produce a
more accurate emulation than the experimental PVEF. The PVES
also features a faster transient response than the PVEPI under the
test of irradiance and load change. To conclude, the proposed shift
controller implemented in the PVES is simple to implement,
computes at a fast rate, highly accurate, and has a fast transient
response.
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