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INTRODUCTION

Summary

In this work, the control of a Single Ended Primary Inductor Converter (SEPIC)
supplied from a photovoltaic energy source and linked at its output to a DC
current sink is addressed. The system is used for maximum power point tracking
under varying environmental conditions. A strategy based on two loops of control
is considered. A peak current mode controller is used for the inner loop and a
Proportional-Integral (P1) controller is used for the outer voltage loop. Then, a
comprehensive time-domain and frequency-domain modeling of the inner loop
is theoretically addressed and then verified by the switched model of the system
implemented in PSIM® software. The obtained results show that the system
exhibits accurate tracking of the desired PV voltage while guaranteeing a fast
maximum power point tracking under sudden changes in the environmental
conditions. The mathematical modeling, design procedures, and the numerical
simulations are validated using experimental results obtained from a laboratory
prototype.
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Solar Photovoltaic (PV) energy is one of the renewable energies which has received remarkable interest

in the last decade . The return on investment of PV systems has increased as a consequence of the PV
panels and their associated components price reduction >, New PV technologies have emerged regarding
materials like multi-crystalline silicon, thin films, and the multi-junction solar cells "%, Important
development has also been accomplished in power electronics needed for conditioning the power supplied
to the loads. However, PV systems are known to suffer from a number of issues that limit their efficiency.
The PV generated power fluctuates according to environmental conditions (irradiance, temperature, shading,
soiling, etc...) . This has the negative effect of introducing complications that impede efficient conversion
of solar energy with the consequence of reducing the economic and social benefits of PV installations. To
overcome these drawbacks, proper design and control of the PV systems is needed with the aim to enhance
their overall performance and to compensate for the effects resulting from the external disturbances. Indeed,
the p — v (power-voltage) and i — v (current-voltage) characteristic curves of a PV generator are highly



dependent on the environmental conditions *°, leading to a need for appropriate control of the PV voltage.
An essential prerequisite in controlling PV systems is to permanently adapt the actual solar power source
characteristics to the specifications of the load irrespective of environmental conditions ' and to
continuously extract the maximum power from the PV array. This is achieved generally by implementing
a Maximum Power Point Tracking (MPPT) algorithm using a power electronics interface 2. Various MPPT
algorithms have been developed and have been widely reported in the literature . These include the Perturb
and Observe (P&O) algorithm -5 the Fractional Open Circuit Voltage (FOCV) method 68 the
Incremental Conductance (InC) algorithm 21° artificial intelligence based methods (Artificial Neural
Networks, Fuzzy Logic,..) 222 and other biology inspired methods like the Particle Swarm Optimization
(PSO) technique % and Genetic Algorithm (GA) 2*. However the most used algorithms in practice are the
P&O and InC.

A DC-DC power converter is, hence, required to regulate and stabilize the output voltage generated by the
PV array and implement the MPPT algorithm to meet the Maximum Power Point (MPP). To fulfill this
function, the DC-DC converter should be adequately designed and controlled. So, improving the control
design of DC-DC converters in general and in this kind of application in particular plays a key role as it can
enable to monitor favorably most of the exogenous changes endured by the PV systems. Depending on
applications, various topologies of DC-DC converters can be used in a PV system. The choice of a converter
depends on the specific usage of the PV source. If one looks for a converter capable of producing a non-
inverting output voltage that can be greater or less than the input voltage, then among the proposed topologies
there are the Single Ended Primary Inductor Converter (SEPIC) and Zeta converters. These two converters
have comparable switching stress and components count. However, in PV applications, the main requirement
is a continuous current at the input port of the converter to perform MPPT. This requirement is fulfilled in
the SEPIC converter because of the existence of an inductor at its input port while the input current of a
ZETA converter is pulsating which can cause the reduction of the lifespan of PV arrays 2.

The particular topology of the SEPIC allows to step-up or to step-down the voltage at its output by means
of adjusting the duty cycle of the square wave signal driving the converter main switch thus offering a
significant compliance at any voltage level 2’ and being able to sweep the entire i — v curve of a PV source.

For closing the loop of the converter, either the voltage mode or the current mode control strategies can
be used. To achieve MPPT, direct duty cycle control 262°, voltage mode control >*° and two-loop current
mode control 3% have been used. In direct duty cycle control the MPPT algorithm directly dictates the
desired duty cycle for MPPT. The advantage of this approach is the simplicity of the scheme. However, the
dynamic performances of this strategy are very poor and severe oscillatory behavior may be produced after
any step change due the MPPT P&O algorithm (see for instance °). To overcome this problem, PV voltage
regulation can be used *. The voltage-regulation-based MPPT techniques are the most widely used because
of their robustness with respect to a sudden irradiance drop. The oscillatory behavior due to MPPT step
changes may be appropriately damped *°. However, the settling time could still be large.

The current-mode-based MPPT technique allows a faster convergence after each perturbation but a
sudden drop in the irradiance might lead to the failure of the algorithm. This explains why most of the MPPT
techniques found in the literature are based on regulating the PV voltage and only few studies about MPPT
control based on the current exist in literature. Taking benefits from the robust performances and the fast
system response guaranteed by sliding mode control, a P&O MPPT strategy using the current is introduced
in % and applied to a boost converter. The problem with fast drop of irradiance is tracked by using in the
feedback loop the input capacitor current which contains information about both the inductor current and the
PV voltage. The same technique was applied in 3 to a SEPIC but the mathematical analysis was performed
only on a reduced-order two-dimensional model of the converter. Moreover, how the model changes in terms



of the weather conditions was not discussed. In *®, the analysis and design of a novel P&O algorithm based
on the sliding-mode control of the input inductor current of a SEPIC is presented for static installations with
a DC constant voltage load without using PV voltage in the feedback loop. The proposed MPPT algorithm
in 3 is appropriate for static installations where the power converters are interconnected in series or parallel
and where meeting the constraints imposed by the interconnection and maximum power transfer in each
converter module can be mitigated by output-series connected SEPICs with the proposed MPPT technique.
Each converter in the interconnected system can operate in either buck or boost modes. The problem with
the use of sliding-mode control approach is that the final implementation is carried out by using a hysteretic
controller which leads to a variable switching frequency operation and which in turn makes the design of
filter difficult.

Two-loop current mode control of SEPIC for MPPT was addressed in 3 designed for wind energy
conversion system. The system was shown to perform both MPPT and voltage regulation at the wind
generator output while guaranteeing tracking of the MPP under changes in the wind speed. However, only
simulation results were shown and the modeling and design of the converter under varying weather
conditions were not presented.

Like with other power converters used in PV systems, using the two-loop current mode control technique
in a PV system, the SEPIC can perform both MPPT and voltage conditioning at the PV generator output
while guaranteeing fast tracking of the MPP under sudden changes in the irradiance level or the temperature.

The two-loop control technique relies on two control loops in cascade, in the particular case of a PV
system: an outer feedback loop for the PV voltage and an inner feedback loop for the input inductor current.
The inner loop controls the inductor current and the outer loop regulates the PV voltage while providing the
reference signal for the inner loop. This was found to behave well and to provide good performance with
regards to transient response 3¢, However, current mode control of high order converters such as the SEPIC
is challenging even with constant voltage and a simple resistive load due to the high dimension of the system.
For instance, in *°, the current loop stability of peak-current-controlled SEPIC was assessed where the
sampling effects were ignored and peculiar instability phenomena have been reported. The sampling effects
refers to the fact that duty cycle of the converter is a discrete-time variable that is decided only once per
switching cycle. A current mode control for SEPIC in standalone PV system using the switch current is
designed in “°, where the current reference is generated from the outer PV voltage loop. However, a reduced-
order of the converter was used in the design and the sampling effects were not taken into account.

To accurately model the inner loop, using the inductor current, a large-signal model of this loop must
be first obtained and from it the small-signal model must be derived, while considering the sampling effect
at high frequencies associated to Peak Current Mode Control (PCMC) 373,

In this work, theoretical modeling and design of a PV-fed SEPIC is presented. A detailed modeling of
PCMC for the converter is performed. Four large signal models from the literature 44 estimating the
average inductor current behavior are studied. The transfer function corresponding to the sampling effect is
developed for the four different models. A detailed comparison among these models is performed and the
most accurate and simplest one is determined. Then, the MPPT performance associated to the outer loop PV
voltage control with a conventional P1 controller is studied for a standard PV generator. Finally, a parametric
study is conducted under varying levels of solar irradiation and temperature. Numerical simulations and
experimental measurements from a laboratory prototype are presented to validate the design procedures
followed in this work.

The rest of the paper is organized as follows. Section 2 deals with the overall system description and its
mathematical modeling. Section 3 addresses the PCMC modeling for the considered system. In Section 4,



the numerical simulation results are presented and discussed. In Section 5, experimental results are given
to validate the numerical simulations and the theoretical findings. Finally, some concluding remarks are
presented in the last section. As a notational convention adopted in this paper, the steady-state of the state
variables and fixed parameters are indicated with capital letters. State variables are represented by small
letters and small-signal perturbations are indicated by small hatted letters.

2 | SYSTEM OVERVIEW AND MATHEMATICAL MODELING

2.1 | Overall system description

The system under study in this work is a PV-fed SEPIC under PCMC to track the maximum power
generated by a PV generator. The output of the SEPIC is connected to a constant current sink considered
as a load. Note that for a resistive load the same design procedures followed in this paper can be applied.
However, the design with a current sink as a load is more challenging since the power stage of the converter
is not damped. In stand-alone application, an energy storage battery would be required along with a more
sophisticated MPPT algorithm when there is no consumption of the harvested energy. Such an operation
mode where the converter is used a battery charger is not considered here.

FIGURE 1 shows the circuit diagram of the system under study. The control approach is based on PCMC
of the inductor L, current i;; to generate the binary driving signal u that drives the switch S of the
converter. The reference current is generated by the outer voltage mode controller and the reference signal
of the latter is delivered by a P&O MPPT algorithm. The SEPIC is assumed operating in Continuous
Conduction Mode (CCM). The switch S is closed during the time interval [nT, (n + d)Ts],n € N and it is
open during the time interval [(n + d)Ts, (n + 1)T],n € N, where d is the duty cycle of the driving signal
u and Ty is the switching period.

The inner current loop comprises, as depicted in FIGURE 1, a sensing resistor R, a comparator, and an RS
flip-flop. The switching frequency f; = 1/T; is set by a T; —periodic clock signal applied to the set entry
of the RS flip-flop. The current of the first inductor i, ,, sensed via the sensing resistor R, is added to an
external compensation ramp v, with a slope m, =V, /T, where V,, is its amplitude. The sum signal
Rsiy1 + vy, is compared to the reference Ri,.r generated by the outer voltage loop. The comparator output
signal is supplied to the reset entry of the flip-flop. During [nTy, (n + d)T],n € N, the switch S is closed
and the current i;; increases, when the signal Rgi;; + vy, attains the value of Rgi,..r, the output signal of
the comparator (Reset) becomes a logic high, which resets the control signal of the switch S to a logic low.
Once S is open, i;, decreases during [(n + d)Ts, (n + 1)T,],n € N until the next rising edge of the clock
signal. The state of the diode D is complementary to that of the switch S.

ipy Ly Cy D
10 S N I} >l
. l1 + Vep - .
M Covm= Vpy S E " L, C, Ve I,
- mnro , -
L L2
-
v, . L(—
) Ypv /}n/ AR i1 Clock
lpy : L s Q L o
v R ™~ R Q
MPPT [ PR L}/

Circuit diagram of the PV-fed SEPIC connected to a constant current sink under PCMC for MPPT.



In the scope of a linear controller design, keeping in mind that the MPPT controller will force the system
to operate at the MPP, the nonlinear i — v characteristic equation of the PV source can be approximated in
the close vicinity of the MPP using the linear Norton equivalent model as given by the following equation,
assuming slowly changing temperature and irradiance quantities *:

by ® 2lmpp = GpVpy 1)
where G, = I,y /Vinpyp 1S the equivalent Norton conductance, I, and V;,,,,,, are the PV generator current
and voltage at the MPP.

Hence the resulted circuit of the PV generator linear equivalent model, at the MPP, is incorporated with the
circuit diagram of the SEPIC and the aforementioned current sink. The circuit topology corresponding to
the ON switching state is shown in FIGURE 2(a) and the one corresponding to the OFF switching state is
illustrated in FIGURE 2(b), where Iy = 2I,,, is the Norton equivalent current and Ry = 1/G, =

Vinpp/ Impp 18 the Norton equivalent parallel resistance.
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FIGURE 2 The two switched sub-circuits of the PV-fed SEPIC: (a) during [nT,, (n+ d)T,] and (b)
during [(n + d)T,, (n + 1)T,].

22 | SEPIC power stage parameters design

Inductances Lyand L, values

In steady-state, the peak-to-peak current ripple of the inductors L, and L., are as given by the following
expressions:

=<
]

pv
Ly fs
D 2

AiLl =

The allowed current ripples for the considered SEPIC are less than 30% of their steady-state average values
i.e., Aij; <0.31;; and Ai;, < 0.31;,. Using the steady-state expression of I;; and I;, the following
constraints are obtained:
> Vpu(l -D )
YT 031Lf
VD ®)
0.31,f;

Hence, the minimum values of L, and L, satisfying the above conditions are given by (4).

L, >

7 M _ DY\ (4)



Lo . = (vaD)max
Zmin 0.31,f,

As mentioned in “6, for the SEPIC to operate in the CCM, the inductances L, and L, should satisfy the
condition in (5):

(1-D)’<K (5)
where K = (2L1L;)/(R,Ts(Ly, — Ly)) and R, = Vi /1,.

The PV-fed SEPIC will operate in CCM for all duty cycle values if K > 1. By selecting L, = L,, CCM
operation will be guaranteed for all steady-state duty cycle values and therefore under all temperature and
irradiance values.

Capacitances €4 and C, values

In steady-state, the peak to peak voltage ripple of the capacitors C;and C, are:

pvg, = L= Dua
Cifs
I,D (6)
Ave, = F.

The allowed voltage ripples for the capacitors C; and C, are chosen less than 3% of their steady-state
average values i.e, Avgq < 0.03Vq and Avg, < 0.03V,. Therefore, the minimum values of C;and C, are
as given by the following expressions:

o (P I
1min — va - 0.03f;~

. _(i=D I, ()
2min — va - 0.03f;~

23 | PV-fed SEPIC dynamics

Based on the switched sub-circuits depicted in FIGURE 2, the PV-fed SEPIC can be mathematically
described by applying the Kirchhoff laws and averaging the resulting switched model during one switching
period T. Hence, the averaged equations describing the converter dynamics are:

Ai 17 7. Lo (8)



dvc, :—_Iod_l_iu—iLz_I_o
dt C, C, C,

where all the variables and parameters can be identified in FIGURE 2.

2.4 Steady-state inductor currents and capacitor voltages

In order to obtain the steady-state inductor currents and capacitor voltages, the voltage-second balance for
the inductors and the charge-second balance for the capacitors principles *’ are applied, which result in the
following expressions for the steady-state average values:

li1 = 7710 = Inpp
I; =—1I,
Vo = Ry (IN - EI") = Bulmpp = Vg 9)

D
Ve1 =Ry (IN - Elo) = Vmpp

D D D
Veo = piRw (In = 5:10) = 3 Voo

It is worth to note that for the SEPIC fed by a current source and loaded by a constant current sink, the

steady-state duty cycle is given by D = tmep_
Impp+io
2.5 | The control-to-inductor current open-loop transfer function

The state-space modeling and the small-signal analysis were performed #’ to obtain the open-loop control-
to-inductor current (d — to —i,,) transfer function, presented in equation (10).
1 bys* + b3s3 + bys? + bys + by (10)

Hiy(s) = —
ia(s) D'?ags® + aus* + azs3 + ays? + a;s + a,

where s is the Laplace variable, D is the steady-state duty cycle, D' =1 — D, and the coefficients
ay, 04,0, Az, ay,as, by, by, by, b3 and b, are as given by the following expressions:

ag =D'?, a; = Ry((C, + Cpy)D'? + C,D?), a, = (C,Ls + C,L,)D' + C,L,D?,

as = Ry (cp,,(cl(L1 + Ly) + CLy)D" + C,(Cy L, + cp,,Llpz)), a, = C1CoLy Lo,

as = C1C;Cpy Ly Ly Ry,

by =1,D'%, by = Ry ((C; + Cp,)D"* + C,D%), by = (Cy + Cy)Ly1,D"* + C,Cp,R*ND(IyD' — 1,D),

b3 = ((Cl + Cz)valoDlz + C1C2(D,IN - DIO)) LZRN’ b4_ = C1C2vaL2R2N( D,IN - IOD)

2.6 | Validation of the mathematical model

To validate the obtained mathematical model, the ‘Sunmodule Plus SW 255 mono’ PV panel is used in
numerical simulations with the values listed in TABLE 1 under Standard Test Conditions (STC).
‘Sunmodule Plus SW 255 mono’ performance under STC (1000 W/m?, 25 °C, AM 1.5).

Maximum power Prop 255 W



Open circuit voltage
Maximum power point voltage
Short circuit current
Maximum power point current

The p — v and i — v characteristic curves of the PV panel, obtained from PSIM® software for several
irradiance levels with constant temperature are shown in FIGURE 3(a) while the same curves for different
temperature values and fixed irradiance are depicted in FIGURE 3(b). Hence, the MPP parameters were
extracted for the different irradiance and temperature sets in order to calculate the corresponding Norton

model and the corresponding duty cycle, as shown in TABLE 2.
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FIGURE 3 The i—v and p—v curves of the Sunmodule Plus SW 255 PV panel: (a) for temperature 25 °C and (b)
for irradiance 1000 W/mz.

TABLE 2 PV generator parameters and its steady-state duty cycle for different irradiance and temperature values.

Irradiance  Temperature Vinpp Lpp Prpp Iy Ry D
(Wim?) S V) (A) (W) (A) ()

1000 25 31.30 8.16 255.39 16.32 3.84 0.67
800 25 31.15 6.53 203.27 13.06 4.77 0.62
600 25 30.85 4.89 151.10 9.78 6.31 0.55
400 25 30.45 3.26 99.10 6.52 9.34 0.45
200 25 29.40 1.63 47.86 3.26 18.04 0.29
1000 10 33.25 8.16 271 16.32 4.17 0.68
1000 15 32.65 8.16 266 16.32 4.00 0.67
1000 20 32.05 8.16 261.10 16.32 3.93 0.67
1000 30 30.85 8.15 251.13 16.30 3.87 0.68
1000 40 29.60 8.17 271 16.32 3.63 0.67

The SEPIC parameters selected using the expressions obtained in (4) and (7) are shown in TABLE 3. They
were used in conjunction with the parameters given in TABLE 2 to derive the numerical values of the

H,4(s) coefficients and to implement the circuit-based switched model in PSIM® software.

TABLE 3 Circuit parameters.

SEPIC parameters

Parameters
Ly
L,

Values
580 pH
580 uH



C; 1uF

C, 47 UF
Input capacitor Cpy 25 uF
Output load current I, 4 A
Switching frequency fs 100 kHz

Afterwards, the bode diagrams of H;;(s) transfer function given in (10), corresponding to different
irradiance and temperature sets, were obtained by means of MATLAB® calculations. The frequency
responses corresponding to the same transfer function were obtained from the switched model implemented
in PSIM® software using the AC sweep tool. All the obtained bode plots from MATLAB® calculations and
frequency responses from AC sweep of PSIM® software are shown in FIGURE 4(a) and FIGURE 4(b).
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The obtained frequency responses of H;; from the mathematical model and from the switched model: (2)
for temperature 25 °C and variable irradiance and (b) for irradiance 1000 W/m? and variable temperature.

The results show a very close agreement between the obtained mathematical transfer functions and the
circuit-based simulations in PSIM® software using AC sweep tool. Therefore, the obtained model can be
used for control design of the PV-fed SEPIC under PCMC. It is worth to note that the variation of
temperature has a negligible effect on the transfer functions as can be observed in FIGURE 4 (b).

The steady-state average values of the state variables are calculated using the derived mathematical
expressions in  (9) and are also extracted using the switched model for different values of irradiance and a
constant temperature. The obtained numerical results are listed in TABLE 4.

The obtained steady-state numerical values of the state variables.

200 W/m2 600 W/m2 1000 W/m2
Mathematical Switched Mathematical Switched Mathematical Switched
model model model model model model
I1 (A 1.63 1.63 4.89 4.89 8.16 8.17
I, (A) -4.00 -3.99 -4.00 -3.99 -4.00 -4.00
Voo (V) 29.34 29.37 30.86 30.85 31.29 31.26
Ver (V) 29.34 29.37 30.86 30.85 31.29 31.26
Vea (V) 11.98 11.97 37.72 37.71 63.85 63.83

As can be observed from TABLE 5, the values obtained from the two models are in a remarkable agreement
for all the considered irradiance levels which validate the steady-state analysis performed previously.



3 | PV-FED SEPIC UNDER PEAK CURRENT MODE CONTROL
3.1 | INNER CURRENT LOOP MODELING
3.1.1 | Averaged value of the inductor currenti;,

In order to derive the averaged value of the inductor current i;; under PCMC in CCM operation, the
waveform of this current is considered during one switching period, see FIGURE 5. Within this scope, four
approaches proposed in ##* are used and compared. The mathematical equations are developed according
to the aforementioned four approaches that are applied, in the present work, to the PV-fed SEPIC.

i (1)

1
1
1
1
1
my :
1
1
1

| T, | a-ar |
nT (n+d)T,

Currents waveforms including the compensation ramp under PCMC.
According to 4, the inductor current average value (i, ;) can be approximated by the following equation:

. . . 11
(i) =i = lref — Mg dT _Emlde (1)

where m; is the inductor current slope during the ON-mode time and it is given by the following equation:

_ Vv (12)

my =
Ly

In 2, the average inductor current is approximated considering the OFF-mode time subinterval as follows
(13):

1
(i) =i = iref — mgdTs — Emz(l — )T (13)
where m,, is the inductor current slope during the OFF-mode time subinterval and it is given by the
following equation:

Upy — Vec1 — V2 (]_4)
Ly

Another approximation of (i, ;) was proposed in * using weighted average of i,and i, as given by:
(i) =dip + (1 —d)iy (15)

By substituting i; and i, by their expressions in (11) and (13), (i;,) in (15) becomes as follows:



1
(ip1) = iref - madsz - Emz(l - d)sz (16)

A different approach using also the weighted average of i;and i, is presented in ** and it came up with
another expression estimating (i; ;) which is given below:

(i) = A —-ad)iy +diy (17)
and which after substitution of i;and i, becomes:
. , 1
(ip1) = lref — mgdTs — E (my + my)d(1 — d)T; (18)
The four expressions derived using the abovementioned approaches -4 are summarized in TABLE 6:

The four expressions of (i, ) following the four approaches presented in 444,

Model 1% (i) = irer — mqdTy — %mlde (19)

Model 242 (i) = iror — mqadTys — %m2(1 — )T, (20)

Model 3% (i1) = iyef — mad?Ty — %mz(l — d)*T, (21)

Model 4% (i1) = irer — mqadTs — % (my + my)d(1 — d)T; (22)
3.1.2 | Small-signal Modeling

The small-signal models are developed for the four above-mentioned expressions of (i; ;) by perturbing
and linearizing the large-signal equations (11), (13), (16) and (18). This will result in the small-signal
control law under PCMC. The small-signal duty cycle d is then deduced for the four models, as shown in
TABLE 7, after substituting 7, and m, by their expressions using (12) and (14). The artificial ramp slope
m, is assumed to be constant and equal to M,,.

Small-signal expressions of the duty cycle under PCMC.

\ 1 1
Model 14 4= (lref b1~ _UvaTs) 23
(Ma + %Ml) T, 2Ly (23)
A 1 R . 1 R R ,
Model 242 4= (M 1 M—) . (lref — gt Z_Zq(vpv — U1 — Uc2)D Ts) (24)
a—2%2) s
s 1 D?Ty, . DTy . .
Model 34 d = — (lref —\i = 2L15 Dy + > = (Dpy — D1 — vc2)> (25)
a“s
A 1 1
w d= — (trer = iz, = 57~ (28 = 1 = 9c2)DD'T, )
Model 4 (Ma + (M, . Mz)) T, 2L (26)

where D is the steady-state value of the duty cycle under PCMC that is to be determined below.

3.1.3 | Steady-state duty cycle under PCMC



Under PCMC, the duty cycle steady-state value D is dependent on the parameters of the closed-loop PV-
fed SEPIC circuit. Therefore, it is necessary to obtain its expression regarding other parameters in order to
further develop the inner current loop modeling.

Using (11) for steady-state quantities, one gets the following equation expressing the steady-state value of
the inductor current for Model 1 derived from #*:

1
Iy = Ly — My DT, — EMlDTS (27)

Taking into account that M; = % and using the steady-state expressions in (9) one obtains:
1

I,D _ DT 1 ol DRy,
ref a“’s 2L1 NIN D’

o DT, (28)

By rearranging the above equation to desired form, D is found to be one of the solutions of the following
guadratic equation in terms of D:
pD?+qD +71 =0 (29)

Where P = [2L1Ma + RN(IN + IO)]TS’ q-= _(2L1Ma + RNIN)TS - 2L1(Io + Iref) and r = 2L11‘l"€f'
The steady-state value of duty cycle D is the solution that fulfils the condition 0 < D < 1.

By proceeding in the same way, one obtains for the other models the results depicted in TABLE 8.

Equations of the steady-state duty cycle average value.

Model 14 I"D? = Iyer — M, DT, — %Mlst (30)
Model 2 42 IOD? = I;er — M, DT, — %MZD’TS (31)
Model 34 IOD? = I;er — MD*T, — %MZD’ZTS (32)
Model 4 I;’)l,) = Lyer — My DT —%(M1 + M,)DD'T, (33)

After expanding equations (30), (31), (32) and (33) and taking into consideration the steady-state average
valueof m, : M, = VLﬂ it is obtained that D is the solution of the same equation (29) for all the four models.
1

3.1.4 | Transfer function of the inner loop

The small-signal transfer functions defining the relationship between the system state variables considered
as outputs and the duty-cycle (input) are defined according to the following expressions:

t11(lig=0 = Hia (S)C%(S)
ﬁpv(s)hcu:o: va(s)d(s)

ﬁc1(5)|icu=0 = H1d(5)f%(5)
ﬁcz(s)hcu:o = Hy4(s)d(s)

(34)



1 . A n n
IIZ) Hyq(s) , Hig(s) and Hp4(s) are, respectively, the d — to— ¥, d —to— ¥y and d —

to— ¥, transfer functions.

where i, = (

Applying the Laplace transform to the small-signal expressions of the duty cycle for the four models ((23),
(24), (25) and (26)), and substituting the obtained result corresponding to each model in (34), one arrives
to the following low-frequency small-signal control law under PCMC:

En

(35)
1+ Fy (Hia(s) + FyuHya(s) + FiHia(s) + FyHq(s)

d(s) = )iref(s)

where the modulator gains F,,, and the voltage gains F,,,, F; and F, for the four different approaches are
listed in TABLE 9:

The expressions of the different gains in (35).

Fi" By Fy F,
Model 1 —T DT, 0 .
(Mg +5M,) T, 2L,
Model 2 S S —(1 - D)Ty (1 - D)T; (1-D)T
(Ma %MZ) Ts 2L1 2L1 2L1
Model 3 ! (D*—(1-D))T, (1-D)’Ty  (1-D)T;
MaTs 2L1 2L1 2L1
1
D(1-D)Ty D(1— D)T;
Model 4 — 0
(Ma L (M - Mz)) T, oL T

The expression ﬁp,,(s)| b= = Hpvd(s)c?(s) is used to calculate the i..; —to—7,,, transfer function,

where d is substituted by its expression from the previous small-signal control law for each model ((23),
(24), (25) and (26)). Thus, the control-to-output transfer function (i,..; —to—®,,,) for the inner current loop
is given for the four models by the following expression:

Dpo(5) _ Hyq(S)Ey (36)
trer () 1+ By, (Hia(8) + FypHya(s) + FiHya(s) + FyHaq(s))

3.1.5 | Sampling effect modeling

Due to the sampling effects associated to PCMC, the sampled-data modeling should be used to precisely
predict the dynamics of the converter at high frequencies #’. Below, the sampled-data transfer function will
be derived for the considered PV-fed SEPIC. Details will be provided for Model 1 and the same procedure
can be followed to derive the sampling effect transfer function for the other models. In order to include the
sampling effect model in the inner current loop, the current gain H;4(s) will be substituted by H, (s)H;4(s)
2 where H,(s) is the transfer function that models the sampling effect. The same reasoning of # is used
and the following considerations are taken into account for high frequencies 4742:



* Dy, D¢, V¢, ~ 0 and hence, m,,m, ~ 0. Therefore, the inductor L, current slopes are equal to
their DC components M, and M, *'.

= At high frequencies, the d —to—i, transfer function can be approximated by: Hygpy = ~--2
order to validate this approximation for the system under study, the frequency response
corresponding to H;; and H;qp,f are plotted in FIGURE 6 for two irradiance values (200 W/m? and
1000 W/m2) while the temperature is kept constant (25 °C). As can be observed, the frequency
responses are almost identical at high frequencies.
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FIGURE 6 Bode plots of Hy4(s) and H;qns(s) for fixed temperature value: 25 °C and irradiance values: 1000
W/mz and 200 W/mz,

At high frequency one gets, using (34), iLl(S)li o= Hidhf(s)ci(s). Therefore, substituting H;,4(s)
by H,,(s)H;4(s) in the expression of d in (35) for Model 1 one obtains the following lref —to—iy transfer

function:
iLl(S) _ Hidhf(S)le

iref(s) B 1+ le Hsel(S)Hidhf(S)

37)

The previous transfer function can also be considered under discrete-time modeling. This was performed
in 4" and the result found is:

ly[n] = atyyn = 1] + (1 = O)iper[n] (38)

where a = — H is the discrete-time pole of the system under PCMC. By applying the z —transform,
1 a

the discrete-time i, — to —1, transfer function is obtained. Then, by substituting z by eSTs the
conversion from the z-domain to the s-domain is performed. The sampled-data effect is modeled by a zero-
_,—ST
order hold transfer function given by% 47, Using the approach in “, the previous calculations result
in the following i,.; — to— 7, transfer function in the s-domain:
i, (s 1—a 1-—e75T
i MO u (39)
lrep(s) 1—ae s sT

The transfer function H,.;(s) can be deduced by equating (37) and (39) which results in:



(40)

1 FpiHig, (s)(1 — ae™Ts)
Hgeq(s) = < i Slg — 1)

FriHigy, ()\ (1 — )1 - eT5)

This transfer function is particularized for Model 1, Model 2, Model 3 and Model 4 using their modulator
gains F,,1, Fy2, Fims and F,,, respectively.

Now the sampling effect transfer function Hg,(s) can be incorporated into (36) by substituting H;;(s) as
mentioned earlier. Consequently, (36) becomes:

ﬁpv(s) — Hvd(S)Fm
rer () 1+ By ((Hoe($)Hia(5) + FyyHua(s) + FiHia(s) + FoHya(s) )

(41)

3.1.6 | Validation of the inner current loop modeling

To verify the inner current loop mathematical model of the studied system under PCMC, the same set up
used previously is considered and the used external ramp amplitude is ;,, = 1 V. The control to output
transfer function (i, — to —?,,,) frequency response are derived for two different irradiance values (200
and 1000 W/m?2) and a fixed temperature value (25 °C) using both the previously derived mathematical
model and the circuit-based switched model implemented in PSIM® software.

On one hand, as shown in FIGURE 7(a) and FIGURE 7(b), the frequency response are practically the same
for the four models over the frequency range going from DC to one half the switching frequency, after
incorporating the transfer function Hg,(s), for the different considered values of irradiance. On the other
hand, the predictions of the mathematical modeling match very well with the switched model results from
PSIM® software using the AC sweep tool for the same irradiance values. As a result, it would be convenient
to choose the simplest model in further calculation or in designing the outer voltage loop controller. As
shown in TABLE 9, Model 1 has the least number of gains and hence is the simplest one. Therefore, it will
be used it in the rest of this work.
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The control to inductor (i, —to—1,) transfer function is later derived by substituting d by its expression
(35) in the first line of (34), while taking into consideration the sampling effect transfer function. The
resulted transfer function writes:

iLl (s) _ Hiq(s)Fm1
iref(s) 1+ Fp (Hse(S)Hid(S) + vaHvd(S))

(42)

In FIGURE 8(a) and FIGURE 8(b), the frequency response of the above transfer function is compared to
the frequency response derived from PSIM® simulation using the AC sweep tool and as it can be observed,
a very good matching is once more observed between the derived model and the circuit-based switched
model implemented in PSIM® software.
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3.2 | Outer voltage loop description and modeling

The ultimate objective of our PV-fed SEPIC controlling is to regulate the PV generator voltage to
continuously track its MPP under variable environmental conditions. To achieve this goal, an outer voltage
loop is inserted in cascade with the current mode controller. The outer voltage loop provides the current
reference i,..; to the inner current loop. The block diagram of the system containing the outer voltage loop
is depicted in FIGURE 9, where G.(s) is the transfer function of the voltage controller. In this block
diagram Model 1 will be used. To design the outer voltage loop, the ‘SmartCtrl’ tool of PSIM® software
was used. A simple PI controller, defined by (43), is considered for the outer voltage loop.

Go(s) = K+ 43)

where K, is the proportional gain of the PI controller and K; is its integral gain. The frequency response of
the system including the inner current loop was performed for irradiance level of 200 W/m2 and
temperature 25 °C. Then, safe values of phase margin and crossover frequency were selected using the map



provided by the ‘SmartCtrl’ tool (199 ° and 1.3 kHz) and hence the gains of the PI controller were obtained.
Finally, the whole system was implemented for simulation in PSIM® software.
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Block diagram of the two-loop controlled PV-fed SEPIC.
4 | Numerical simulations

PSIM® simulations were performed using the PV-fed SEPIC studied in the previous sections. P&0O MPPT
was used to extract the maximum power from the PV source and provide the reference voltage for the outer
voltage loop. The sampling time for the MPPT controller was Ty, = 20 ms and the voltage perturbation
amplitude is AV = 0.2 V. From the ‘SmartCtr]’ tool, the obtained Pl controller gain is K, ~ 0.91 and its
integral gain is K; = 53834. The sensing resistor is set to Ry = 1 Q and the external ramp amplitude value
isV,, = 1 V. The resulting settling time is T, is in the range of 1 ms after each MPPT perturbation. It is
worth to note that for any converter with current mode control, the settling time is shorter for the same
converter with voltage mode control. For instance, for the same SEPIC of this study but with voltage mode
control “, the settling time could not be reduced below 5 ms using a type-lll voltage controller.
Consequently, the MPPT period was fixed to 20 ms and could not be made smaller than this value to avoid
undesired interaction of the converter response with the dynamics of the MPPT algorithm. Here, the MPPT
perturbation period can be selected shorter thanks to the use current mode control which in turns results in
shorter settling time. With direct duty cycle control the situation is even worse than voltage mode control.
For instance, in the simple low order boost converter considered in *°, the MPPT period was 100 ms while
it could not be less than 50 ms in # after optimization. In *2, the MPPT period was 1 s with voltage mode
control of a boost converter while it was 50 ms for the same converter with current mode control and series
and parallel impedance emulation. Here, with the view of an experimental validation in which some
hardware constriants prevents from reducing the MPPT perturbation period to small values, the MPPT
period was fixed to 20 ms hence avoiding undesired interaction of the controlled system response with the
dynamics of the MPPT algorithm while keeping in mind that an experimental validation would be possible
with this value.

In order to test the robustness of the control scheme, the overall response of the system was evaluated for
different irradiance and temperature sets. At first, the system was simulated under constant temperature (25
°C) and large step irradiance variation (from 200 W/m2 to 600 W/m2 and from 600 W/m2to 1000 W/m?2).
Then, fixed irradiance value (1000 W/m?) and variable temperature (from 10 °C to 25 °C and from 25 °C
to 40 °C) were applied. Finally, both changing irradiance and temperature were considered. The results
corresponding to these three scenarios are depicted in FIGURE 10(a), FIGURE 10(b), and FIGURE 10(c)
respectively and they show that the system remains robust for large variation in the operating point and the
maximum power of the PV generator is well tracked under the different considered atmospheric conditions.



The start-up response from zero initial conditions is also evaluated for the irradiance 200 W/m? and the
temperature (25 °C) and the result is shown in

FIGURE 11. For this figure, the initial reference voltage for the P&O algorithm is v,..; = 29.5V. The
output of the PI voltage controller was limited to 10 V. At the beginning, the PV is working in constant
current (CC) mode when the voltage increases linearly. Then there is a dip in the current while tracking the
MPP. Therefore, after a startup transient, the PV voltage, power and current reach the steady-state within
approximately 3 ms. When the MPPT algorithm starts working then the inner control loop is also
functioning, therefore the inductor L, current starts to be controlled. The steady-state responses for
irradiance 200 W/m2 and 400 W/m?2 are depicted in FIGURE 12 and FIGURE 13 respectively showing a
detailed view of the system response. As it can be noted, the PV voltage tracks tightly the reference voltage
generated by the P&O algorithm. The PV power, as well, attains the desired MPP (= 47.8 W and = 99 W).
The PV current at MPP I,,,,, and the average value of the inductor current I;; are in accordance with the
predicted values for the both cases.
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5 | EXPERIMENTAL VALIDATION

In order to verify the validity of the mathematical findings and the numerical simulations, an experimental
prototype has been constructed for almost the same set of parameter values with the inevitable nonidealities.
The implemented power circuit and control circuit are shown in FIGURE 14 and FIGURE 15 respectively.
The main switch S is realized by MOSFET C3M0120090D (Rpsn) = 0.12 Q) with driver MAX4420. The
power circuit consists of two inductors (L, L,) made in the laboratory, three film capacitors (Cy,,, C;, C3)
with low Equivalent Series Resistance (ESR) and one Schottky diode C4D08120A with forward voltage
drop 1.5 V. The inductor current i, is sensed using the current sensor LEM LA25 (bandwidth 150 kHz)
with a unitary gain while the input voltage is sensed by a voltage divider with a gain of 0.05. The constant
current load is realized by the electronic load EA-EL-3400-25 and the PV generator is realized by the solar
array simulator E4360A. A picture of the overall experimental setup is depicted in FIGURE 16.

In the control circuit, the signal generator Gwinstek MFG-2260M8 is used to get synchronized clock and
ramp signals. For the realization of the error amplifier, the Pl compensators, addition, subtraction and so
on, the operational amplifier TL084 is used. The gains of the PI compensators are obtained from the values
of capacitors and variable resistors around the op-amps. A 10 V Zener diode is used to prevent windup
problem in integral action of PI controller. The comparator IC LM339 compares the reference current with
the addition of ramp voltage and the sensed inductor current signal. For realization of S-R flip-flop, the IC
CD4027 is used. At the start of the clock period, the output (pin 1) is set high with the rising transition of
the clock (CLK) is applied at pin 7. Resetting of the output (pin 1) is accomplished by the high level of the
comparator to the pin 4.

The MPPT part is programmed in the LAUNCHXL TMS320F28379D DSP of Texas Instruments. The
sensed voltage v,,,, and current i,,,, signals are scaled down to the values supported by the DSP. To avoid
loading effects, these signals are fed using buffer circuit. Moreover, the current i,,, is extracted after low
pass filtering of inductor current i;; so that no additional current sensor needed for this purpose. The
samples of the state variables v, and i,,, are sent through ADC module and after calculation the signal is
fed through the DAC for using it in the analog circuit. The signals are sampled at the switching frequency
rate.
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FIGURE 15 Schematic diagram of the power stage and control circuits with component type and values for the

experimental setup.

FIGURE 16 A picture of the overall experimental setup for validation. (1) Solar array simulator E4360A, (2) SEPIC
power stage, (3) Electronic load EA-EL-3400-25, (4) Analog peak current mode control, (5) DSP TMS320F28379D
with the P&0O MPPT control, (6) Signal generator Gwlinstek MFG-2260M8, (7) Digital oscilloscope Tektronix
MS03014, (8) DSP programming.

The experimental waveforms shown below, have been captured using the mixed signal oscilloscope model
Tektronix MSO3014 and the probes TEKTRONIX TCP0030A (bandwidth 120 MHz) for illustrating the



current waveforms. FIGURE 17(a) and FIGURE 17(b) show the waveforms of the PV voltage, current and
power with constant temperature 25°C and for two different irradiance values (200 W/mz2 and irradiance
400 W/m?) corresponding to FIGURE 12 and FIGURE 13. The experimental waveforms are in good
agreement with the theoretical predictions for the same set of parameter values and under the same

conditions. The slight discrepancies are due to the nonidealities present in the components which are not
considered in the simulation.
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FIGURE 17 waveforms with constant temperature 25 °C and: (a) irradiance 200 W/mz2 and (b) irradiance 400 W/ma2.

FIGURE 18(a) and FIGURE 18(b) display the waveforms of the PV voltage, current and power for the step
variation in the irradiance (from 200 W/m2 to 400 W/m2 and from 400 W/m2 to 200 W/m3).
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FIGURE 18 waveforms with the constant temperature 25 °C and change in irradiance (a) 200 W/m2 to 400
W/mz and (b) 400 W/mz2 to 200 W/mz2,

FIGURE 19(a) and FIGURE 19(b) show, respectively, the experimental and the simulated start-up
response, for the irradiance 200 W/m? starting from zero initial conditions and with a limiter at the output
of the Pl compensator like in the numerical simulations of FIGURE 11.
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6 | CONCLUSION

In the present paper a comprehensive dynamic modeling and a two-loop control of a PVV-fed SEPIC were
addressed. A steady-state analysis was performed mathematically and then validated by a circuit-based
switched model implemented in PSIM® software. The mathematical transfer functions of the system were
also derived mathematically and validated by the same software. The inner loop dictating the duty cycle of
the PWM signal under PCMC scheme using the inductor current i;; was modelled and analyzed. An outer
voltage loop consisting of a PI controller was designed and used to generate the reference current to the
inner loop. A detailed modeling of the inner loop was exposed. Four different models for the large signal
of the inductor current feedback law were considered, from which the small-signal modeling of the inner
loop was developed. The sampling effect transfer function was obtained for four approaches found in the
literature. The resulted models were compared and it is found out that the ultimate transfer functions, after
incorporating the sampling effect, give the same frequency response for the four approaches. Consequently,
the simplest approach was selected for the rest of the modelling. The outer voltage design was carried out
using the ‘SmartCtrl’ tool of PSIM® software. Hence, numerical simulations were performed using the same
software where a standard PV panel was implemented with the PV-fed SEPIC under the complete two-loop
control scheme. The results showed that the PV voltage is well tracked by the converter even under
instantaneous step change in the environmental conditions hence demonstrating the robustness of the PV-
fed SEPIC under PCMC. The designed PCMC was also validated using experimental measurements hence
validating the theoretical findings and the numerical simulations.
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