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In this paper, the control design and the performance eval-
uation of a novel high-step-up converter with a hourglass-
shaped impedance network (HIN) are performed when used
as an interface between a PV source and a load in a PV sys-
tem. For optimum energy extraction from the PV source,

the PV voltage controller design and optimization to track

the maximum power point of the PV system is addressed.
The converter offers the possibility of an optimum regu-
lation of the PV voltage with voltage mode control using

a simple type-lll compensation network resulting in a low

overshoot, a relatively short settling time and negligible en-
ergy loss after a change of input reference due to the maxi-
mum power point tracking (MPPT) or to irradiance change.

To evaluate the performance of the HIN converter when

used in a PV system PSIM® software is used to perform

numerical simulations using the switched model under dif-
ferent conditions.

Keywords: hourglass-shaped impedance network converter,
high voltage gain, PV system, MPPT, control design, simu-
lation.
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FIGURE 1 Block diagram of a PV system using a high gain boost converter.

1 | INTRODUCTION

In recent years, photovoltaic (PV) energy was developed rapidly as a kind of renewable energy source that is growing
in all over the globe. PV energy can be converted to electricity with almost zero emissions and is therefore considered
one of the most environmentally-friendly energies. Moreover, PV systems allow to integrate solar energy to the
electrical supply and provide consumers with sustainable power. The voltage-current curve of PV energy sources is
nonlinear and it changes with weather conditions. This curve has a point called the maximum power point (MPP) at
which the system is forced to deliver its maximum power. The voltage coordinate of the MPP lies within the range (15,
42) V for many PV modules. To increase this voltage to a higher usable level, a voltage step-up converter is needed.
Hence, a major challenge that needs to be addressed by the power electronics interface is to take the low voltage
at the output of the solar PV source and convert it into a much higher voltage level. For that, a high voltage gain
converter must be used as an interface. Therefore, to convert the energy supplied by a PV module to the power grid,
high-step-up DC-DC converters play a vital role in the energy conversion stage. Different high voltage gain DC-DC
converter topologies exist in the literature [1, 2, 3, 4]. Fig. 1 shows a block diagram of a PV system consisting of PV
module, a capacitor, an MPPT block to extract the maximum power of the PV module, a PV voltage controller,a PWM
and a DC-link output which can be either a battery or another power converter such as a DC-AC inverter.

There are many types of high voltage gain boost converters, but roughly speaking, these topologies can be classi-
fied into converters with magnetic coupling or without magentic coupling [1]. Different kinds of non-coupled-inductor
converters have been considered in the past. For example, a high voltage gain converter, using interleaved inductors
is proposed in [5]. In [6] a high voltage gain converter based on quadratic boost converter has been proposed. The
topology is equipped an additional capacitor-inductor-diode network to reduce voltage stress of switching devices.
Authors in [7] presented a power converter with a high voltage gain for fuel cell vehicles based on a combined boost-
Cuk topology. In [8, 9, 10] the authors proposed high voltage gain multi-cell boost converters. The other type of
high voltage power converters, the ones with magnetic coupling, can achieve a increased voltage gain by using a high
turn ratio in the magnetic coupling [11, 12]. Soft switching techniques can be used in coupled-inductor converters
to improve the efficiency [13, 14]. Similar to [12], coupled-inductor converter with interleaving effect and low input
current ripple and voltage stress in the components has been proposed in [15, 16].

Since the introduction of the Z-source converter in [17], impedance network topologies have attracted a lot of

interests and many of such topologies have been proposed for several applications such as in electric vehicle battery
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charging, renewable energy technologies, motion control and distributed generation systems among others. These
topologies are all characterized by a high voltage gain making them suitable in this kind of applications. Different basic
and improved impedance network converter topologies exist in the literature [18]. These include impedance network
converters with magnetically coupled inductors [19, 20], trans-Z-source [21], TZ-source [22], LCCT-Z-source [23],
r-source [24], T-source [25], Y-source [26] and A-source [27] among others. Apart from the high voltage boosting
capability, other factors must be considered if these converters are to be used in renewable energy applications such as
in PV systems. In particular, the existence of an inductor at the input port of the converter is one of the requirement
to perform MPPT at this port. This is because pulsating current is not suitable in this kind of applications and an
input filter is then necessary for converters not having this an inductor at the input port. Additional filtering elements
increase the losses, size, component count and cost. Moreover, the previous topologies have some additional practical
issues. For example, regardless the use or not of coupled-inductors, electrolytic capacitors (ECs) are the most critical
components in power converters. The lifetime of these ECs are shorter than other components due to the voltage
spikes in practical energy conversion systems. Besides, ECs are bulky and they reduce the power density of the system.
Moreover, ECs suffer from safety issues since they can explode. Therefore, in practice, the use ECs is expected to be
limited in many applications. To remedy the previous issues, a non-ECs high-step-up hourglass impedance network
(HIN) converter with a high power density was proposed in [28] where the steady-state analysis of the converter
has been performed by considering an ideal constant input voltage. The control design of the HIN converter and its
performance evaluation when used in a PV system with a nonlinear PV source have not been addressed. In this paper
a control oriented approach is followed to derive a small signal model for the PV-fed HIN converter from the switched
model using PSIM® software [29]. Based on the switched model, the control design of the PV voltage is addressed.

The performances of the converter when used in a PV system performing MPPT are evaluated.

The structure of this paper is as follows. After this introduction, in Section 2, the high voltage gain HIN converter
will be described and its operation principle will be explained. The steady-state performances of the converter are
addressed in Section 3. The small signal modeling and the controller design for regulating the input voltage of the
converter when this used for MPPT is addressed in Section 4 using the SmartCtrl tool of PSIM®. In Section 5 it
shown that the HIN converter could be an excellent candidate for simple MPPT tracking in PV systems requiring high

voltage gain. Finally, conclusions of this study are summarized in the last section.

2 | OPERATION PRINCIPLE OF THE HIN HIGH STEP-UP CONVERTER IN A
PV SYSTEM

The HIN converter in a PV system is shown in Fig. 2. The converter is supplied from a PV energy source for perform-
ing MPPT and is feeding a resistive load. The HIN network has two inductors with inductance values L; and L,, two
capacitors C; and C,, two diodes D1, D, and a switch Sy. Other components of the HIN topology are the diodes D3
and D4 and the switch S, and the two output capacitors with capacitance values C; and C4. Compared to existing
impedance networks in the literature, the HIN has a lower capacitor voltage stress and higher voltage gain as will
be shown later. The input voltage control system of the converter uses a two zeros (with three poles) compensation
scheme based on a type-lll controller and the reference voltage for this controller is provided by a MPPT block based
on Perturb and Observe algorithm. A comparator compares the control signal provided by the controller with an ex-
ternal periodic ramp voltage with amplitude Vj, and period T (frequency £). The output of the comparator decide the
states of both switches Sy and S,. Similar to other power converter topologies, the HIN converter can operate in both

continuous conduction mode (CCM) and discontinuous conduction mode (DCM). Since the CCM is usually preferred
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FIGURE 2 Circuit schematic diagram of the high voltage gain HIN boost converter under a type-Il PV voltage
mode control.

in PV applications, this mode is considered in this paper. The CCM is characterized by two different configurations

whose circuit diagrams are shown in Fig. 3 where the state of the switching elements are indicated.

In this study, the steady-state analysis and the control are based on the following assumptions are made

1. All reactive components are ideal and therefore their losses are neglected.
All diodes are ideal and therefore their capacitance, their forward voltage and ON resistance are neglected.

3. The transistors are ideal and therefore their ON resistance and parasitic inductance and capacitance are also
ignored.

4. All capacitors are large enough that the voltage across each one of them is considered constant during each

subinterval.

It is worth noting that when operating Mode 1 takes place the current flows from inductor L; to L, through
capacitors C; and C, ; and when operating Mode 2 occurs, the current flows back.

3 | STEADY-STATE ANALYSIS OF THE HIN CONVERTER IN A PV SYSTEM

3.1 | Steady-state voltage stress in the capacitors and conversion voltage gain

The used type-Ill controller for the HIN converter has a pole at the origin with which the average value of the input

PV voltage vpy in steady-state is equal to its desired reference Vinp,, dictated by the MPPT controller. The steady-state
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FIGURE 3 Circuit diagrams corresponding to (a) Mode 1 and (b) Mode 2.
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FIGURE 4 \oltage stresses scaled by the output voltage V, for the different capacitors of the HIN converter.

values of the other capacitor voltages can be obtained by applying volt-second balance principle to the inductors L

and L,. This leads to the following expressions for the steady-state values of the capacitor and the output voltages

(see [28] for more details)

D(2 ~ D) Vinpp
Y= spa
vy = DYmee
D2 _3D+1
%:(1—Dﬂ%w, "
D2 -3D +1
*T D2 _3D+1
2(1 = D) Vinpp
°T D2 3p+1

Note that the voltage stress of the output capacitor in a conventional boost converter is the output voltage. By

scaling the previous the steady-state average values of the capacitor voltages Vi, V;, V3, V4 with respect the the output

voltage V, one gets

Vi

— =D,

Vo

Vy D @
Vo 2(1-D)

Vs Vg o1

Vo Vo 2

In Fig. 4, capacitor voltage stress from (2) scaled by the output voltage are shown as functions of the operating

duty cycle D. It is worth noticing that the voltage stress V;, V,, V3 and V,, of capacitors Cy, C,, C3 and Cy is smaller

than the output voltage within the entire operating range of duty cycle values. The bigger voltage stress is one half

the output voltage and it corresponds to the capacitors C; and Cj.
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From the last equation in (2), the conversion ratio of the HIN converter can be expressed as follows

A 2(1-D)
M(D) = =
(D) Vinpp D2 -3D +1 @)

where V,, is the output voltage and the Vinpp is the MPP voltage.

3.2 | Steady-state inductor currents

The steady-state average values of the inductor currents I; and I, and their ripple amplitudes Ai; and A/, can be

obtained by applying charge balance principle to the capacitors C; and C,, hence obtaining the following expressions

2(1-D) V,
h=
D2-3D+1R
2 A
L=
D2-3D+1R @)
Vinpp D (1 — D)2 T
ANij= —
YT (D2 3D+ 1)
 VmppD(1-D)T;
Aipg = ——————.
Ly(D2-3D+1)

where V, is the output voltage and the R is the load resistance. These expressions will be validated later by using

numerical simulations performed using PSIM® software.

3.3 | Voltage and current stresses of the electronic devices

Following the same previous steady-state analysis, the voltage stress of the diodes D1, D,, D3 and Dy4, namely Vp,,

Vi,, Vp,, and switches Sy and Sy, namely, Vs, and Vs, , can be expressed as follows

Vinpp
o1 = pe 3
(1_D)Vmpp
Vo, = b apat
> D2-3D+1 (5)
Vinpp
Yor = 5e apar
DVinpp
Vs = braper
(1_D)Vmpp
V$:= 5r3prt1

Likewise, the average current Ip,, Ip, and Ip, of the diodes of D¢, Dy, D3, D4 and switches S; and S, can be
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written as follow

2 A
Ip = ————
brT D2 3Dp+1R
7-8D V,
Ip=—o
P2 = 4D2-3D+1) R
1 A
Ipy= —————
4(D2-3D+1) R )
2V,
o= 5%
20-D)2 v,
Is; = ——3—m—r
D(D2-3D+1) R
21-D) V,
Iy = ———————
D(D2-3D+1) R
3.4 | Brief comparison with existing high gain power converters

A detailed comparison between the HIN converter and some high gain power converter topologies from the literature
is provided in [28]. Here only a summary of this comparison is provided. Table 1 shows the voltage gain, voltage stress
on the main switch of the the HIN converter and the voltage stress on the different capacitors as compared to other
power converter topologies including the conventional boost converter. Compared to other converters, the voltage
gain of the HIN converter is significantly high even for low values of operating duty cycle. The HIN converter performs
better than other high voltage gain converter topologies with regard to the voltage stress on devices. The number of
components of the HIN converter is comparable to other converters. However, because of their small capacitance
values, the use of electrolytic-less capacitors in the HIN topology allows a smaller size and a higher power density.
Fig. 5 shows the voltage gain corresponding to the converters of Table 1 in terms of the operating duty cycle D.
For the HIN converter, a positive output voltage is only obtained with D within the range (0, 0.38). However, ideally,
for D = 1/3 the voltage gain is already M (1/3) = 12. For a fair comparison, the turns ratio of the of the converter
with magnetic coupling in [11] is selected as n, = 2 and the number of cells for the converter in [30] is chosen to be
n1 = 3. It can be observed that compared to other converters, the gain of the HIN topology is significantly higher
higher than converters in [31, 32] and theoretically reaches a value of around 20 for a duty cycle D = 0.35. Compared

to the converters in [6, 11, 30, 33], the gain of the HIN topology is higher with the same duty cycle value.

4 | SMALL-SIGNAL MODEL OF THE HIN CONVERTER AND ITS INPUT CON-
TROLLER DESIGN

4.1 | Modeling of the HIN converter power stage and the PV generator

The frequency response of a system can be obtained by performing AC analysis. The frequency response of the
converter power stage has been first obtained by using PSIM® software which has the key feature that the AC analysis
can be performed using directly the switched model and without requiring to obtain and to use the average model.
A small AC sinusoidal signal is injected into the system as perturbation of the duty cycle and the voltage at the PV

generator output is measured at the same frequency. The AC sweep process is repeated for 400 points logarithmically
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TABLE 1 Comparison of the voltage gain and voltage stress in the components between the HIN converter and
other existing high gain power converters

Reference Voltage gain Voltage stress on capacitors Voltage stress on switches
1-D
1+D Vi= —Vo,Va=V, %
[6] M(D) = ——— 14D Vs = 5>
(1- D)2 Vo 2-D
Vo =Vs =
2 37 14D
1-D
= T+ n(1 —D)VO
D
1+ny(1 - D) Vo=V A
11 MOD) = —— +m(1-D) S —
[11] (D) 1-2D 1 Vs T+ny(1 - D)
Vo1 = —— W
T Ty n(1-D)°
ny(1-D)
= ——7—W
Yoo = 7o) P
1 Vi =2DV,, Vo = (1 -2D)V, Vs, = (1-2D)Vo
31 M(D)= ——
(31 (D) 1-5D+2D?
Va=Ve=Vo Vs, = Vo
1 Vi =V, =2DV,
[32] M) = =45 Vs, =Vs, = Vo
Vs =Vo
1-2D D
1 Vi = Vo, Vo = Vo
1-D 1-D
33 M(D) = Vs = (1+ D)V
[33] (D) = > s=(1+D)Vo
Vo =VWo
2D - D? D D
- Vi = Vo, Vo = Vi Vs, = ———W
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= = Converter in [6]
Converter in [11]
------- Converter in [33]
== HIN converter

0.6 0.8 1

D

FIGURE 5 Voltage gain for the HIN converter in comparison with other impedance network converters.
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FIGURE 6 The PSIM® schematic diagram used for plotting the PV curves.

distributed with a start frequency 100 Hz and an end frequency 25 kHz which is one half the switching frequency.
The used amplitude of the perturbation is d = 0.01 and the steady-state duty cycle is D = 0.3196. The AC analysis was
performed by using the nonlinear model of the PV generator. The temperature was kept constant and the irradiance
was changed between in the range (200, 1000) W/mZ2. The PV generator is TRINA PV module with an open circuit
voltage around 50.1 V according to [34] with a maximum power of 395 W and a nominal MPP voltage of about 40.8 V
and a nominal MPP current of approximately 9.69 A under standard test conditions. The specifications provided by
the manufacturer for a single module are summarized in Table 2. More details can be found in [34].

The PV source is connected the DC-DC HIN high voltage gain boost converters which converts the DC PV voltage
of about 40 V to the DC link voltage of about 380 V applied to a resistive load. Fig. 7 shows its / — v curve for different
values of irradiance S €(200,1000) W/m? for temperature © = 25°C. The results were obtained by using the PSIM®
schematic diagram depicted in Fig. 6. A ramp voltage was applied to the PV generator starting at zero and ending at a
voltage larger than the open circuit voltage for each irradiance value. The power and the current of the PV generator
are sensed and then plotted in terms of the PV voltage for the different irradiance levels. To have all the plots in the
same figure, the parameter sweep facility of PSIM® was used.

TABLE 2 The parameter values of the PV source at standard weather conditions S = 1000 W/m2 and © = 25 °C.

Parameter Value
Number of series-connected cells in a module 72
Open-circuit voltage of a module V,. 50.1V
Short-circuit current I 10.13 A
PV voltage at maximum power Vinpp 40.8V
PV current at maximum power Impp 9.69 A

PV maximum power Pypp 395 W
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FIGURE 7 The PV curves for different values of the irradiance S between 200 W/m? (Pmpp ~ 70 W) and
1000 W/m? (Pmpp =~ 395 W). © = 25 °C.

TABLE 3 The used parameters for the HIN converter power stage.

Parameter fs L1,Ly C1,C2,C3,Cy4 Cpv R

Value 50kHz = 200 uH 10 uF 100 uF  378-795Q

4.2 | PV voltage type-lll controller design

Another key feature with PSIM® software is that it is possible to perform AC sweep along with parametric sweep.
Hence these features are both used to obtain the frequency response of the HIN converter for different irradiance
levels. As in obtaining the PV curves, to have all the plots in the same figure, the parameter sweep facility of PSIM®
must be used. Using the obtained frequency responses, the PV voltage control design can be performed by appropri-
ately selecting the required performances with regard to settling time, crossover frequency and phase margin under
all weather conditions. Although the design can be obtained using a mathematical model, this is a complex task even
for reduced order and conventional topologies of these converters. The complexity increases much when the order
of the converter become high and it is fed from nonlinear sources like a PV generator. Using computer-aided design
(CAD) tools like PSIM® significantly reduces the design task and its time of development. A useful tool that comes
with PSIM® software is SmartCtrl which allows the control design of switching converters without the need of a
mathematical model nor the operating mode. Once the frequency response of the converter is obtained by using
the AC sweep, the result can be used by SmartCtrl which after introducing the desired crossover frequency and the
phase margin in a suitable solution map and specifying the switching frequency, the desired output voltage and the
type of the controller to be used, it shows its corresponding Bode and Nyquist diagrams together with the transient
time response while providing the component values needed to implement the specified controller as well as the volt-
age divider resistors. The provided component values can be used to test the performances of the converter in the
time domain by performing PSIM® simulations. This procedure will be used here to design a controller for the input
PV voltage of the HIN converter.

A type-lll controller can be used for boosting the phase by 180° and for getting a zero steady-state error. The
gain, the poles and the zeros of the controller can be selected according to the desired crossover frequency and phase

margin of the system. This controller can be implemented by using the circuit diagram shown in Fig. 8. Its transfer
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FIGURE 9 The solution map of the HIN converter with a type-lll controller for irradiance S =1000 W/m?,
© =25 °C (Pmpp » 490 W) and R = 378 Q. The selected design point corresponds to a crossover frequency
fe = 3.5 kHz and a phase margin ¢, = 50°.

function can be expressed as follows [35]:

1
+ +
~ Rii+Rer (8 szcfz)(s (Rt +Rf1)cf1) 7)
R11R#1Cr3 Cr1+ Crs 1
s(s+ s+
( R#2(Cr1Cr3) Rr1Cr

He(s) =
)

The poles and zeros of the type-Ill controller and the values of the passive components to implement it will be
provided by SmartCtrl tool of PSIM®. With this tool the design becomes simple because an accurate mathematical
TABLE 4 The provided component values by SmartCtrl for the voltage divider and type-Ill controller.

Parameter Ra Rb R11 Rf] ng Cf‘] Cf‘2 Cf3
Value 1.18kQ 3031Q 10kQ 61845 7.66kQ  17.74nF @ 2459nF @ 1.52nF
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FIGURE 10 The d-to-vpy frequency response of the HIN converter power stage and of the total loop using a
type-lll controller with desired crossover frequency and phase margin for irradiance S =1000 W/m? (Pmpp ~ 490 W),
R =378 Q and © = 25 °C. Left: Amplitude. Right: Phase.

model is not necessary while an accurate frequency response from the switched model valid up to one half switching
converter can be easily obtained by performing AC sweep. First the frequency response corresponding of the PV-fed
HIN converter is obtained using AC sweep with the parameter values depicted in Table 3 for the converter power
stage and Tab2 for the PV source with irradiance level § = 1000 W/m? and temperature © = 25 °C (Pmpp ~ 490 W). A
phase margin of 50° and a crossover frequency f. ~ 3.5 kHz were selected following the solution map of Fig. 9 which
shows shows all the pairs f.-¢., in the specified frequency range in AC sweep. All the pairs within the white region
generates a stable closed-loop system with the corresponding crossover frequency £, and phase margin ¢,,. Outside
this region, the system will be unstable.

The frequency response of the open loop HIN converter and the total loop gain by taking including the type-Il|
controller with the desired design specification in terms of crossover frequency and phase margin are shown in Fig. 10.
It has been observed from different numerical simulations that for most values of the irradiance and temperature, a
crossover frequency between 3 kHz and 4 kHz and a phase margin above 45° can always be selected in the solution
map. Once a point defining the crossover frequency and the phase margin in the solution map is selected, SmartCtrl
will provide the component values needed to implement the type-lIl controller and the voltage divider resistors ac-
cording to the scheme shown in Fig. 8. The selected pulse width modulator gain G,oqis unity. The selected gain of
the voltage divider for PV voltage sensing is k := R,;/(R, + Rp) = 1/40 = 0.025. By selecting this divider gain and
R11 = 10 kQ, the rest of component values provided by SmartCtrl are depicted in Table 4. These values are used
in the type-lll controller whose output is used as an input to a comparator. The other input to the comparator is a
sawtooth signal viamp with amplitude Vjy = 1V and frequency 50 kHz. The driving signal v for the switches S; and S,
is the output of the comparator according the scheme of Fig. 8. The previous scheme and control parameter values
will be used in the next section to test the performances of the converter by performing PSIM® simulations in the

time domain.
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FIGURE 11 The PSIM® schematic diagram of the HIN converter under the type-IIl controller with an MPPT
control.

5 | TIME DOMAIN SIMULATIONS

The complete PSIM schematic is depicted in depicted in Fig. 11 together with the content of the parameters file
that PSIM® uses for performing the simulations. The converter control system uses a single loop control dealing only
with the PV voltage. The controller design was performed according to the results presented in the previous section
and the parameter values are provided by SmartCtrl. As can be observed, a type-Ill controller is used to control the
PV voltage to its desired value which is provided by an MPPT block. The goal of MPPT is to seek the operating PV
voltage and current that maximizes its power output as weather conditions vary. This is accomplished by varying the
reference voltage provided by the MPPT algorithm as a function of the irradiance level and temperature. The reference
signal provided by the MPPT is a scaled value of the voltage at the maximum power point and is provided by using
Perturb and Observe algorithm. This algorithm periodically perturb the reference voltage with a fixed perturbation
period Tmpp. The settling time of the converter after an MPPT perturbation must be enough smaller than the MPPT
perturbation period Tmp,, for ensuring robust stability and high efficiency of the algorithm. The MPPT algorithm can
be degraded if the settling time is low. Therefore it is important to optimize this parameter. The sampling period of
the MPPT controller has been chosen to be Timppt = 5 ms which is enough larger than the settling time of the system
due to a step change in the PV voltage reference Vinpp. The perturbation amplitude applied to Vinpp is AVipp = 1V
(kAVmpp = 0.025 V). The simulation is started with temperature © = 25 °C and irradiance § =500 W/m?2. The load
resistance is adapted according to irradiance value in order to maintain the average output voltage at V, = 380 V.
Namely, for S =500 W/mZ2, R = 795 Q and for § =1000 W/mZ, R = 378 Q.

PSIM® simulations are performed by using the schematic circuit diagram depicted in Fig. 11. The time-domain
response of the complete system starting from zero initial conditions is depicted in Fig. 12. From ¢t =0to ¢t = 0.25 s,
the PV system is operated with § = 500 W/m? and the corresponding maximum power is (Pmpp ~ 190 W). It is worth
to note that the PV voltage is well regulated to its reference provided by the MMPT controller which is approximately
39 V. When the irradiance level changes, the input voltage Vj,y undergoes a small change and after a short transient
period it is regulated again to its new MPP voltage reference which is updated by the MPPT controller. Therefore, the
type-lll controller is capable of making the converter to track the voltage reference V,y. The settling time due MPPT

perturbations is much smaller than the MPPT perturbation period as desired. The operating duty cycle at the MPP is
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FIGURE 12 The response of the PV voltage for the HIN boost converter with the type-Ill input voltage control

during startup and under irradiance step change between $ = 500 W/m? (Pmpp = 190 W) and 1000 W/m?2
(Pmpp ~ 395 W). © =25 °C. R = 795 Q forS = 500 W/m?2 and R = 378 Q forS = 1000 W/m2,
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FIGURE 13 A close view of the response of the PV voltage for the HIN boost converter with the type-Ill input

voltage control under irradiance step change between S = 500 W/m?2 (Pmpp ~ 189 W) and S = 1000 W/m?
(Pmpp ~ 395 W). © = 25 °C. R = 795 Q for S = 500 W/m? and R = 378 Q forS = 1000 S = 500 W/m?.
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FIGURE 14 The MPPT efficiency as a two-dimensional function of the temperature and irradiance.

Dmpp = 0.3196 which is not excessively large differently to other switching converters (M (0.3196) = 380/40.8 = 9.31).
The results demonstrate that the designed system is capable to operate at the optimum operating point regardless of
the value of the irradiance.

Fig. 13 shows a close view of the steady-state response of the system where the PV voltage and its reference,
the extracted the power ppy, from the PV source and its maximum power Pypp are represented, when irradiance level
change from § = 500 W/m? (Pmpp ~ 189 W) to S = 1000 W/m? (Pmpp = 395 W). It is worth noticing that the reference
voltage Vinpp dictated by the MPPT controller oscillates between the values dictated by the MPPT control with a

sampling period Trmppt = 5 ms and a perturbation amplitude AVinpp =1 V.

The ratio between the averaged harvested power Ppv and the maximum available power Pnpp was used to cal-
culate the MPPT efficiency. Fig. 14 shows the tracking efficiency n = 100py, /Pmpp as a two-dimensional function of
the irradiance and temperature. Note that over most of the selected range of temperature and irradiance values, the
tracking efficiency n remains better than 99.72% .

The steady-state inductor current /; and /, and the capacitor voltages vq, vo, v3, and v4 and the output voltage
vo are shown in Fig. 15 for S = 500 W/m? and for § = 1000 W/mZ. It is worth to note that the steady-state aver-
aged values of the state variables of the HIN converter (capacitor voltages and the inductor currents) are in a good
agreement with the theoretical predictions given in Section 3. For instance, for § = 500 W/m? and R = 795 Q, the
average output voltage is V,, ~ 380 V, the MPP voltage is Vinpp ~ 38.85 V and the duty cycle is D ~ 0.3215, the voltage
conversion gain is M(0.3215) ~ 9.78 and according to the steady-state analysis in Section 3, one has I} ~ 4.67 A,
I, ~6.88A,V; ~ 147V, V, ~ 89V, V3 ~ 190 V and V4 ~ 190 V. The theoretical values of the inductor current ripples
are Aiy = 4.15 A and Ai, = 6.11 A. All these theoretical results are in perfect agreement with the values obtained
from PSIM® numerical simulations depicted in Fig. 15. For S = 1000 W/m?2 and R = 378 Q, the same average output
voltage is maintained V,, ~ 380 V, the MPP voltage is Vinpp = 40.5 V and the duty cycle is D ~ 0.3187 (M (0.3187) ~ 9.4)
and according to the steady-state analysis in Section 3, one has I} ~ 9.41 A/ I, ~ 13.82 A, V; ~ 149V, V, ~ 89V,
V3~ 190 V and V4 ~ 190 V. These theoretical results are also in a remarkable agreement with the PSIM® simulations

results depicted in Fig. 15.
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FIGURE 15 Steady-state waveforms of the HIN converter state variables, i1, iz, v1, v2, v3, v4 and v, for
S =500 W/m?2 and R = 795 Q (left) and irradiance $ =1000 W/m?2 and R = 378 Q (right). © =25° C

6 | CONCLUSIONS

In this paper, small signal modeling and control design for a high voltage gain HIN converter when used in a PV system
has been addressed using PSIM® software. A simple single loop voltage mode control strategy was employed resulting
in a easy to implement MPPT control without a requirement for a mathematical modeling of the entire system. The
dynamic performances was presented in terms of varying irradiance and accordingly the controller parameter were
chosen to achieve an optimum system response in terms of settling time, overshoot and MPPT tracking stability and
efficiency. The designed PV system was tested under steady state operation and under rapidly changing weather
conditions. The converter offers the possibility of an optimum regulation of the PV voltage with voltage mode control
using a type-Ill compensation network resulting in a low overshoot, a short settling time and a negligible energy loss
after a step change of input PV voltage reference due to the maximum power point tracking (MPPT) perturbation or
to irradiance change. PSIM® model of the PV source connected to the high voltage gain HIN boost converter was
used for performing numerical simulations and the results demonstrated that the HIN converter could be an excellent
candidate for simple MPPT tracking in PV systems requiring high voltage gain. In particular, the simulation results
have shown that the designed system is characterized by a fast convergence to the maximum power point of the PV

system during steady-state regime and under rapid changes in the weather conditions.
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