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Abstract- This paper presents a solar array simulator (SAS) to emulate the actual characteristics of solar arrays under different
environmental conditions and load variations. SASs are essential in the evaluation of maximum power point tracking (MPPT)
algorithms and their power converters. The proposed SAS adopts a modular structure where multiple voltage-controlled buck
DC-DC converters are adopted. An active current distribution control is proposed to achieve a balanced current in the parallel
connected converters. The effect of the proposed controller on the circulating current impedance is analysed, and the
controller’s parameters are designed to obtain excellent current distribution and fast dynamic response. The SAS’s
performance is explored through a Simulink model with a variable resistor load and at different irradiance levels. The results
confirm the validity of the proposal, in which excellent performance was obtained in terms of tracking the desired V-1
characteristics and the current distribution between the converters.

Keywords Solar array simulator (SAS); PV simulator; dc-dc converter; parallel dc-dc converters; current-voltage

characteristic.

1. Introduction

Due to the shortage and increasing cost of conventional
energy resources, renewable energy (e.g. wind and solar) has
received great interest in recent decades [1-4]. However, new
resources like photovoltaic (PV) cells have extremely
nonlinear characteristics [5, 6], which are influenced by the
variations in the environmental conditions (e.g. temperature,
irradiance). For this reason, power converters and a
maximum power point tracking (MPPT) algorithm should be
attached to the PV panel to extract maximum output power
[7, 8]. Solar array simulators (SASs) are frequently used
during testing, implementation of MPPT techniques and
evaluation of power converters under different weather and
load conditions. This reduces the installation time and
minimises the possibility of any destructive effects on the
actual PV panels. For these reasons, SASs have attracted a
great deal of attention.

Solar array simulator is a power electronic converter
capable of developing the output characteristics of a real
solar array at different environmental conditions and load
variations [9], and it should be able to operate at different

power levels [10]. The simulators can be classified according
to power stage type and the schemes of reference voltage-
current generation. The power stages can be either a linear or
switching converter (e.g. single-phase buck, three-phase ac-
dc, full bridge dc-dc, and LLC resonant converter) [4]. There
are three reference generation schemes in these simulators. In
the first, referred to as a voltage controlled converter, the
output current is sensed and a reference generator produces
the desired reference voltage [3, 11]. The second category is
a current controlled converter where the desired current is
generated according to the output voltage [4, 12]. In the last
category, both current and voltage controlled schemes are
used and the voltage control is activated during the operation
between the maximum power point (MPP) and the open
circuit point in the V-I curve. In the opposite scenario, the
current controlled scheme is activated between the MPP and
the short circuit point [13] in the V-I curve.

The high cost of commercial SASs has prompted
researchers to develop several custom versions. To improve
the cost and implementation time, a commercial converter
has been adopted and modified to comply with SAS
requirements [3]. The output current is sensed and, according
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to a predefined relation, an analogue variable voltage is
generated. This voltage is injected into the converter
feedback loop to make the converter output voltage track the
desired static V-I curve. Notwithstanding the reduced cost
and time, this proposal requires the calculation of the injected
voltage, and the SAS dynamic behaviour is restricted by the
commercial converter crossover frequency, which is beyond
adjustment. A hybrid reference generator has been proposed,
and the V-I curve data collected from the actual solar cell
with an adjustable light source [4]. This is combined with a
high power and improved efficiency three-phase ac-dc
rectifier stage with a three-phase dc-dc converter to improve
the transient response and reduce current and voltage ripple.
However, this PV simulator is not easily extended to a higher
power level and requires a high-performance processor. A
current controlled push-pull forward converter employed in a
PV simulator is proposed [14]. The output voltage is
measured and the reference current is generated according to
the desired V-I characteristic. However, a lack of emulation
in the region close to the open circuit point can be observed.
To overcome this limitation, a bidirectional converter has
been proposed to allow stable operation around the open
circuit point region [8].

All these strategies, suffering from lack of emulation in
some region in the VI characteristics, adopt a power stage
not easy to be controlled and extended to a higher power
level and/or heavy computations are used in their control
algorithm

This paper presents a modular SAS using multiple dc-dc
converters to increase the power level and enhance system
efficiency and reliability [15]. Furthermore, minimal voltage
and current ripple can be obtained. However, uneven current
distribution or circulating current between converters is a
main concern when a multiphase converter or parallel-
connected converters are adopted; therefore, a suitable
control method should be used to tackle this issue. A droop
method which emulates a series virtual resistor at the
converter’s output has been extensively used to enhance the
current distribution between converters. Nevertheless, this
control mechanism affects the converter’s voltage regulation
[16]. A master-slave control approach has been proposed to
restrain the imbalance current distribution between
converters [17]. However, low robustness is a major concern
in most master-slave mechanisms as any failure in master
unit suspends the operation of the whole current distribution
controller [15]. A model predictive control (MPC) scheme
has been proposed in which excellent current balancing was
achieved in a multi-phase buck converter [18], although the
MPC algorithm requires a high-performance processor due to
complex computations. A simple current distribution control
scheme is proposed in this paper to attain even current
distribution between the multiple dc-dc converters of the
solar array simulator. This scheme is simple, modular and a
high-performance processor is not necessary in its
implementation. Each converter has two control loops
without any communication between converters. The output
voltage is controlled by an external loop, while the current
sharing is adjusted with the inner current loop.

2. Proposed Method

Figure 1 shows the block diagram of the proposed
simulator. Voltage controlled, parallel-connected buck dc-dc
converters are employed as a power stage of the simulator,
and
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Fig. 1. Block diagram of the proposed SAS.

the continuous conduction mode is adopted in the converter
operation. The total load current is measured with current
sensor and feeds all parallel-connected converters.

The current value is fed to the individual converter’s
lookup table to generate the reference voltage. This lookup
table is generated through digitising the V-I curves of the
actual solar array at different irradiance and temperature
levels. The reference voltage is compared with the actual
voltage and the error signal fed to the PI compensator to
produce the base duty cycle (6} 45e)-

The main issue with parallel-connected converters is the
circulating current, which can lead to unequal current
distribution and damage to the converter. To prevent this, the
parallel-connected converters should have the same pulse
width modulator parameters, physical parameters, and equal
dead time between the two switches of the synchronous buck
converter. Though this is impractical, an active control
method becomes mnecessary to ensure even current
distribution.

Improved current distribution is obtained through the
emulation of virtual resistance in the circulating current path.
This is achieved by adopting an average current sharing
control scheme. The total load current is sensed and divided
by the number of parallel units (n) to obtain the desired
average current(l,/n). The difference between the desired
value and converter current is used by the PI compensator to
produce the necessary duty cycle deviation (48) to force
equal current sharing between converters. In this approach,
the circulating current impedance is increased and an almost
even current distribution is obtained. It is clear that this
proposed structure is modular and can be easily extended to
any number of units, as no information is shared between the
converters, except for the desired irradiance level that is
supplied to the converters.

3. Mathematical Analysis

The schematic of the synchronous buck converter is
shown in Fig.2 and the jth converter model with closed loop
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voltage control is shown in Fig.3. The converter is modelled
as a linear amplifier with gain equalling the input voltage Vg.
The amplifier output is fed to an LC low pass filter to
produce the output voltage. A PI compensator Gcel(s)
generates the desired duty cycle to minimise the error
between the reference and output voltages. The effect of dead
time and the switching device voltage drop is modelled as a
voltage drop in the

iy ic| 1 |v,
r+sL C sC

Fig. 3. Converter model with dead time and switching device
voltage drop effect.

converter circuit and referred to as vy [19]. In parallel
connected, the deviation in this voltage drop v, is a main
reason for the uneven current distribution. Therefore, this
effect is modelled as a disturbance voltage in the buck
converter model. Applying superposition theorem on Fig. 3,
the output voltage of the jth converter (v,(s)) is expressed
as:

VUp(8) = Vrerj(8)G1(8) = ipj($)Ga(s) — vaj(s)Gs(s) (1)

Where, v,f(s) is the control input voltage and i,(s), v4(s)
represent disturbance inputs. G;(s),G,(s) and G5(s) are
closed loop transfer functions defined as below.

_ Vo (s) _ Gclvg .
L ves(s) B S2LC +srC+ 1+ GV’
v,(s) sL+r
2 = " = ;
i,(s) Drepay=0 SZLC +s1C + 1+ GV
v, (s) 1
vq;(s) brepioj=0 SELC +s1C+ 1+ GV

GCl = kpl + kil/s

The inductor, inductor’s internal resistor and the output
capacitor for individual converters are assumed to be equal.
Simplification of Eq. (1) gives the output current for the j’h
converter as:

io; =1/G, [vreijl — V4G5 — v, ) (2)

According to Eq. (2), converters have the output current as:

iy =1/G, [vreflGl — Vg1G3 — vo] B-1
lo2 =1/G, [vreszl — VgpG3 — vo] B-2)
ioj = 1/Gy [VrerjGr — v4jGs — o) CR))
ion = 1/Gy [VyepnGi — VanGs — v, ] 3 -n)

If equally rated buck converters are assumed, the
average load current (i,,,) can be defined as:

n

> iy =i, )

j=1

S|+

lav =

Where i, is the total load current. Substituting Eq. (3) in Eq.
(4) yields:

iav = 1/G2 [vreffale - Ud?avGS - vo] (5)

From Eq. (5) and Eq. (3), the current deviation or the
circulating current can be expressed as:

Vreri)G1 — (Vag, — vdj)GS] (6)

From Eq. (6), it is evident that the current deviation or
the circulating current between the converters is due to the
differences in the reference voltage, dead time, and the
switches’ voltage drop. The impedance in the path of the first
and second components of circulating current is G,/G; and
G,/Gs, respectively. Unlike in dc-ac converters, the first
component contribution can be easily minimised when all
converters are well synchronised or a master controller is
utilised to generate the reference voltage. Therefore,

lay — ioj = 1/62 [(Urefav -

1'71"ef1 = vrefz = 1'77"efj = 177"ef7a1i (7)

Accordingly, Eq. (6) is reduced to Eq. (8) as:

iav - ioj = 1/GZ [(vdf - vdav)G3] (8)

When the proposed method (Fig. 1) is activated, the buck
converter with the current distribution control is modelled as
in Fig. 4. The converter’s current deviation from the average

value (ia,,—ioj) is utilised by a suitable compensator

(H(s)) to produce the desired duty cycle deviation A§ to
retain the equal current distribution between converters. In
this case, the output voltage of the j" converter becomes:

Vo (8) = Vrer($)G1(8) — ()G (s) — va;j(s)G3(s)
+ Gy (iaw = ioy) 9
Where
G, = Y ;
¥ S2LC+srC+ 14 G

Using Eq. (9), the output current of the j™ converter can be

expressed as:
iO]' = 1/(62 + G‘l-) [vrefcl - 17de3 + iavG4 - 170] (10)

Following the same procedure of derivation Eq. (3) to Eq.
(6), yields:
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Fig. 4. Buck converter model with proposed sharing control.

51
+

A
Vyes Spaset
ref base

iap — loj = 1/(Gy + Gy) [(vaj — va,,)Gs) (11)

Compared with (8), equation (11) clearly indicates that the
effective circulating current impedance is increased from
(G,/G3) to ((G, + G,)/G3). The circulating current can thus
be significantly reduced with suitable compensator
parameters.

4. Stability Analysis
To consider the sampling and computation delays, the

transfer function D(s)is inserted in the forward path. It can
be approximated as [20]:

(12)

To evaluate the current distribution controller, the control
block diagram for the jth converter is re-arranged as in Fig.
5. The current sharing compensator H(s) produces the
desired deviation in duty cycle A§; such that i,; tracks i,,.
The compensator must be designed to ensure the system
stability and even current distribution between converters.
Therefore, the loop transfer function io]-(s)/ igr(s) is
expressed as:

i6;(s) : V;-D(s).H(s)

G = = 13
) = W ® T 6L (13)
Where H(s) is selected to be as:
ki» 1+ T;ys
H(S) = kp2 + T = sz (T) (14)
Using Eq. (12) and Eq. (14) in Eq. (13) gives:
1+ Tiys k
Cols) = K ( l ) 15
r(8) = Koo () ATy 5T0) (1s)

Where k = V,;/r and T, is the output inductor time constant.

It is evident from Eq. (15) that the system has two-time
constants: the dominant one is T, and the minor one is Tj.
This makes the optimal modulas technique ideally suitable in
designing the PI controller [20]. A zero-pole cancellation is
applied when the integral time constant (7},) is selected to be
equal to the dominant time constant (T,), leaving a system
with a second order open loop transfer function. The
proportional gain K, is selected such that the magnitude of
the closed loop transfer function (G;/(1 + G7)) is equal to
unity for values of w as large as possible [15]. Accordingly,
K, and T}, are given as:

(16)

Fig. 5. Control loop for the j™ converter.

Using the simulation parameters listed in Table 2 at the next
section (L =3mH,r =0.09 .(Z,Vg =30V,and T, =
50 us.), the PI compensator gains are k,, =1 and
T;, = 33.33 ms (k;; = 30). The corresponding bode plot of
the open loop transfer function is shown in Fig. 6. It is
evident that the system phase margin is about 65° at a
crossover frequency of about (9180 rad/sec) 1461Hz. This is
less than one tenth the switching frequency (20kHz) to make
the system immune from the switching frequency noise. In
contrast, it is high enough to ensure a good dynamic
response, as explored in Fig. 7, where the rise time is only
about 0.15 ms.

5. Converter Design and Simulation Results

The proposed SAS was designed and a Simulink model
constructed. As an illustrative example, a 40 W PV module
with the parameters shown in Table 1 was selected to
validate the proposal. Figure 8 shows the static V-1 curves of
the actual PV module. These curves are digitised and stored
in lookup tables. Two buck converters were designed such
that the output voltage and current can be varied over a wide
range, i.e. between open and short circuit points. The
inductor (L) and capacitor (C) values were calculated using
the following steps:

e The inductor (L) was calculated as [21]:

Vo(]- - 6min)

> —

=7 (H) 17)
Where V, is the output voltage, 8,,;, is the minimum duty
cycle and A4I; is the inductor current ripple, which was
selected to be twice the minimum load current (I,,;,,). This
current ripple value will ensure continuous conduction mode
operation (CCM) over all the operating points. However,
increasing the inductance value affects the speed of dynamic
response. The minimum duty cycle represents the ratio of the
output voltage to the maximum input voltage.
* The output capacitor was selected based on the

following relationship [21].
c> Al 1 (F) 18
AT (18)
Where AV, is the allowable output voltage ripple and f; is the
switching frequency that the simulator operates from the no

load point to the short circuit point.
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Bode Diagram
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Fig. 6. Bode plot of open loop transfer function (Gy).
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Fig. 7. Step response due to step change in i,,,.
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Fig. 8. Static V-I characteristics of the actual PV module at
25C*

Table 1. 40W photovoltaic module parameters

Parameter 1000 W/m2 | 800W/m2
Maximum power 40W 288 W
Voltage at Pmax (Vmpp) 173V 154V
Current at Pmax (Impp) 231A 1.85 A
Short circuit current ( Isc) 2.54 A 2.06 A
Open circuit voltage (Voc) 21.8V 198V
Module efficiency 11.4% -

Figures 9 and 10 show the static V-1 and V-P characteristics
at 600 W/m” at 25 C *and 1000 W/m® at 25 C° obtained from
the SAS. These figures reflect the close match between the
actual characteristics (Fig. 8) and the output of the SAS. The
effect of an abrupt change in irradiance level on the SAS was
explored, as shown in Fig. 11. The irradiance level was
changed from 600 W/m” to 1000 W/m?” and then attained its
original irradiance level. It is clear that the desired
characteristics were tracked very well, except for the
considerable overshoot. This is insignificant, as the abrupt
change in irradiance level is rare and further tuning of the
output voltage PI controller can lead to a better response.

Table 2. Buck converter parameters

Output voltage (V,) 0-25V
AV, 2%
Output current (1,) 0.1-3A
Input voltage (Vg) 30+10% V
Switching frequency (f;) 20 kHz
Inductor with its internal resistor (L + r) | 3 mH, 0.09Q
Output capacitor (C) 100 uF
5 T T
Al ——600W/m” ||
- —— 1000W/m”
<
‘\_'/ 3 L. . .
= prrn
E 2t
&) S
1} . \
5 10 15 20 25
Voltage(V)

Fig. 9. Static V-I characteristics of the SAS at 25 C°.
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Fig. 10. V-P characteristics of the SAS at 25 C".
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Fig. 11. P-V characteristics during an abrupt change in
irradiance level at 25 C°.

To validate the capability of the current distribution
controller, which has the effect of virtual resistance
emulation in restraining the circulating current between the
two converters, the inductor value and dead time of the
second converter were intentionally increased by 10%.

At 1000 W/m® and 25 C° irradiance and temperature
level, the circulating current controller was deactivated. The
converters and load current waveforms, referred to as Iy, I,
and I, respectively, were explored in Fig.12. There was a
clear discrepancy in the converters’ current during operation
from open circuit point till to the point where the two
converters operate in constant current mode. The discrepancy
level relative to the total load current reached up to 60%.

After sharing control activation, an excellent current
distribution was achieved over all the operating regions, and
the two converters shared almost the same current with a
discrepancy of not more than 2% (see Fig.13).

6. Conclusions

A solar array simulator with a new modular structure
was proposed. The power stage of the simulator was
constructed from two parallel-connected buck converters
which can easily be controlled and extended to any number
of converters since no information is shared between them.
This was clearly enhancing the system efficiency and
reliability and reducing the voltage and current ripple.
Mathematical analysis has been conducted to validate that an
excellent current distribution between the parallel converters
can be achieved with this proposed control strategy, through
increasing the impedance in the circulating current path.

Furthermore, with the results obtained from a Simulink
model at different irradiance levels and load variation, the
excellent static and dynamic behaviour of the system in
terms of V-I curves emulation and current distribution
between the converters was confirmed. For two converters
having different parameters (inductor values and dead time),
the converter current discrepancy relative to the total load
current reached up to 60% when no current sharing control
was used. This discrepancy was reduced to not more 2%
when the proposed sharing controller was activated.

5 ; . . :
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Fig. 12. Converters and load current waveforms when the
sharing control was deactivated
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Fig. 13. Converters and load current waveforms when the
sharing control was activated.

References

[1] Kirmani, M. Jamil, and I. Akhtar, “Effective low cost
Grid-Connected Solar Photovoltaic System to Electrify
the Small Scale industry/Commercial Building”,
International Journal of Renewable Energy Research
(IJRER), vol. 7, pp. 797-806, 2017.

[2] M. SAADSAQUD, “Study of Partial Shading Effects on
Photovoltaic Arrays with Comprehensive Simulator for
Global MPPT Control”, International Journal of
Renewable Energy Research (IJRER), vol. 6, pp. 413-
420, 2016.

[3]S. Gadelovits, M. Sitbon, and A. Kuperman, “Rapid
Prototyping of a Low-Cost Solar Array Simulator Using
an Off-the-Shelf DC Power Supply”, IEEE Transactions
on Power Electronics, vol. 29, pp. 5278-5284, 2014.

[4] A. Koran, T. LaBella, and J. S. Lai, “High Efficiency
Photovoltaic Source Simulator with Fast Response Time
for Solar Power Conditioning Systems Evaluation”, IEEE
Transactions on Power Electronics, vol. 29, pp. 1285-
1297, 2014.

[5] K. Nguyen-Duy, A. Knott, and M. A. E. Andersen, “High
Dynamic Performance Nonlinear Source Emulator”,
IEEE Transactions on Power Electronics, vol. 31, pp.
2562-2574, 2016.

[6] M. Heidari, “Improving Efficiency of Photovoltaic
System by Using Neural Network MPPT and Predictive
Control of Converter”, International Journal of

1043



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

B. M.H. Jassim and H. M. Jasim, Vol.8, No.2, June, 2018

Renewable Energy Research (IJRER), vol. 6, pp. 1524-
1529, 2016.

[7]1 A. K. Abdelsalam, A. M. Massoud, S. Ahmed, and P. N.
Enjeti, “High-Performance Adaptive Perturb and Observe
MPPT Technique for Photovoltaic-Based Microgrids”,
IEEE Transactions on Power Electronics, vol. 26, pp.
1010-1021, 2011.

[8] T. Esram, J. W. Kimball, P. T. Krein, P. L. Chapman, and
P. Midya, “Dynamic maximum power point tracking of
photovoltaic arrays using ripple correlation control”,
IEEE Transactions on Power Electronics, vol. 21, pp.
1282-1291, 2006.

[9] Z. G. Piao, G. Shu Juan, Y. H. An, and C. Geum Bae, “A
study on the PV simulator using equivalent circuit model
and look-up table hybrid method”, International
Conference on Electrical Machines and Systems
(ICEMS), pp. 2128-2131, 2013.

[10] A. F. Cupertino, G. Y. Santos, E. N. Cardoso, H. A.
Pereira, and V. F. Mendes, “Modeling and design of a
flexible solar array simulator topology”, 13th Brazilian
Power Electronics Conference and Ist Southern Power
Electronics Conference (COBEP/SPEC), pp. 1-6, 2015

[11] C. H. Chang, E. C. Chang, and H. L. Cheng, “A High-
Efficiency Solar Array Simulator Implemented by an
LLC Resonant DC-DC Converter”, IEEE Transactions on
Power Electronics, vol. 28, pp. 3039-3046, 2013.

[12] J. Gonzalez-Llorente, A. Rambal-Vecino, L. A. Garcia-
Rodriguez, J. C. Balda, and E. 1. Ortiz-Rivera, “Simple
and efficient low power photovoltaic emulator for
evaluation of power conditioning systems”, Applied
Power Electronics Conference and Exposition (APEC),
pp. 3712-3716, 2016

[13] Y. Kim, W. Lee, M. Pedram, and N. Chang, “Dual-
mode power regulator for photovoltaic module
emulation”, Applied energy, vol. 101, pp. 730-739, 2013.

[14]S. W. J. Zhang, Z. Wang, L. Tian, “Design and
Realization of a Digital PV Simulator with a Push-Pull
Forward Circuit”, J. powered Electron., vol. 14, May
2014.

[15] B. M. H. Jassim, D. J. Atkinson, and B. Zahawi,
“Modular Current Sharing Control Scheme for Parallel-
Connected Converters”, IEEE Transactions on Industrial
Electronics, vol. 62, pp. 887-897, 2015.

[16] S. Moayedi, V. Nasirian, F. L. Lewis, and A. Davoudi,
“Team-Oriented Load Sharing in Parallel DC-DC
Converters”, IEEE  Transactions on  Industry
Applications, vol. 51, pp. 479-490, 2015.

[17] P. J. Grbovic, “Master/slave control of input-series- and
output-parallel-connected converters: Concept for low-
cost high-voltage auxiliary power supplies”, IEEE Trans.
Power Electron., vol. 24, no. 2, pp. 316-328, Feb. 2009

[18]J. A. Yahaya and M. Mansor, “Model Predictive
Control for Current Balancing in a Four-Phase Buck
Converter”, International Journal of Renewable Energy
Research (IJRER), vol. 6, pp. 527-534, 2016.

[19] Y. Zhang, S. Duan, Y. Kang, and J. Chen, “The Restrain
of Harmonic Circulating Currents between Parallel
Inverters”," 5th International Power Electronics and

Motion Control Conference, pp. 1-5, 2006.

[20] M. P. Kazmierkowski, R. Krishnan, and F. Blaabjerg,
Control in power electronics: selected problems:
Academic Press, Amsterdam, 2002.

[21] O. Kilgenstein, Switched-mode power supplies in
practice: Wiley a. sons Chichester etc., 1989.Clerk
Maxwell, A Treatise on Electricity and Magnetism, 3rd
ed., vol. 2. Oxford: Clarendon Press, 1892, pp.68-73.

1044



