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Abstract- In this paper, the importance of taking into account power losses in the design of sliding mode controller (SMC) for
hybrid power source (HPS) has been investigated. The underlying HPS consists of a boost converter, a bidirectional converter,
a photovoltaic (PV) panel, and a battery. Dynamic equations of the system are derived based on the state-space averaging method.
Afterward, a method to obtain power losses is provided. A robust control methodology, based on the SMC is then proposed to
take the power losses into account. Asymptotic stability of the proposed method is ensured, using the Lyapanov stability theorem.
To verify the robustness properties of the closed-loop system, with respect to the input voltage variation and load resistance,
some simulation studies are presented and discussed. The results show that power losses should be considered in the controller
design for an HPS. The experimental results, by implementation on SPARTAN XC3S400 chip, are also given for justification.

Keywords- Sliding mode control (SMC), load resistance, power losses, hybrid power source (HPS), photovoltaics (PV).

1. Introduction

Among renewable energy resources, photovoltaic (PV)
energy has been received more attention with many feasible
applications, as it is free, abundant, and environmental
friendly [1, 2]. The application of PV arrays in stand-alone
systems has become popular due to some advantages [3], as
low upkeep cost, low maintenance, no waste or byproducts,
and easy expansion by using multiple solar panels and
batteries.

The output power of a PV panel relies on solar irradiance
levels. For instance, at night, a PV panel cannot produce any
power [4]. Therefore, when solar energy is available, a PV
converts it into electrical energy, then the boost converter is
used to transmit the maximum power to the load, the surplus
power of the load is transmitted to the battery by the bi-
directional converter that acts as a buck converter, and the
battery is charged. When there is no solar energy or low, the
bi-directional converter acts as a boost converter and transmits
the battery power to the load. Therefore, hybrid power sources
(HPSs) are designed to generate power more efficiently [5].

Recently, the problem of controlling HPS has been
studied and reviewed [5-9]. The APBC controller has
designed by using algebraic parameter identification [5-6].
The method introduced, regarding the algorithm, the control
signal cannot be followed by rapid changes, the changes must
be slow, and therefore the dynamic response of the system is
slow and is accompanied by a large overshoot. Two Pl control
loops to control the hybrid system is used [7]. Then it uses
sliding mode control for the same system. The results show
that the PI based control system is not able to maintain its good
response when the operation point is not inside a limited range
around the operating point selected to design the controllers.
Due to the characteristics of the HPS and the microgrid
operation, the P1 based controller cannot assure the stability of
the system in the entire operation range and consequently is
not an acceptable option for this application. The sliding mode
controller shows a higher robustness and it is able to operate
correctly at the different cases that have been analyzed. The
SMC is designed for the conventional model of HPS [8-10],
but the problem that it enters is that the dynamical equations
of the system are considered ideal and power losses such as_
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Fig. 1. Circuit diagram of HPS.
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consumption or increasing the switching frequency in these
systems, the losses of the converters will also increase [11].

Although various constructions have been proposed to
reduce losses, it should be noted that this will make the
converter more complex, more expensive and more difficult
to control. In this article, we'll see if the power losses in the
design of SMC to consider or ignore, what would be the
results. The purpose of this paper is to design a control signal
with the ability to guarantee the stability to adjust the output
voltage to the desired value, taking into account power losses
in the converter. It is expected that this algorithm can provide
a fast dynamic response and reduce the effect of disturbances
(load, temperature, and radiation intensity) while guaranteeing
sustainability.

2. System Modeling

The circuit modules of an HPS schematically are shown
in Fig. 1. The system consists of a PV panel, a battery and
interfacing DC-DC converters, i.e., a boost converter and a bi-
directional converter.

The equivalent circuitry of a PV cell is shown in Fig. 2,
in which the simplest model can be represented by a current
source in antiparallel with a diode and the non-idealities are
represented by the insertion of the resistances Rs (series resi-
stance) and R, (parallel resistance).

Fig. 2. Equivalent model of the PV panel.

The PV panel simulation model is based on the output
current of one PV equivalent model, and its mathematical
equation [5,12] is represented by:

a(Vp+IpRs)
Ip = Tpn = Irs (e AkpT  — 1> — —(Vp::RS) (1)

where V, and I, are the PV cell voltage and current,
respectively, I, is the diode reverse saturation current, q is the
electron charge (1.6x10° coulomb), A is the ideality factor of
the p-n junction (1.12), ky, is the Boltzmann constant (1.3805
x 10722 J/K), A is solar irradiance level (0~1000 W/m?2), k is
the temperature coefficient (12x107*A/K), T is the cell
temperature, T, is the reference temperature (298°K), Ey is the
bandgap energy (1.2ev), lo is the saturation current at T,
(5.98x10°% A), and Iy is the short circuit current (1.45 A).
Solar irradiation and temperature are strongly influenced by
climate changes. Thus, it becomes necessary to use techni-
ques to extract the maximum power from these panels. The
requirement for maximum power point tracking (MPPT) is
raised by the fact that the MPP of the PV panel continuously
varies with temperature and illumination changes.

All of the possible modes of operation HPS are shown in
Fig. 3. By utilizing the state-space averaging method [13],
dynamic equations of the system can be expressed as:
Vp - (Rlp + stl)Xl - (XZ + VD)( 1- up )
X
C)'(2=—E2+x1(1—up)+x3ub 4)

prl =

LpXs = Vp — (Rip + Rews)Xz — (X2 + Rgw2X3 — RswaXz)uy

where L, and L, denote the inductances, C is the capacitor, R
is the load resistance, Ry, and Ry, denote the resistance of the
inductors Ly, and Ly, respectively, the conductive resistances
of switches are represented by Rswi, Rswz and Rsws, Vp is the
voltage of the PV panel and V, denotes the voltage of the
battery. X = [x1, X2, X3] T is the state vector which includes
current of the PV panel (Ip), load voltage (Vc) and battery
current (ly), respectively. The control inputs O<uy,<l and
O<up<1 are the duty cycle of the switches SW1 and SW2,
respectively (SW3 acts in the opposite direction of SW2).

3. Controller Design

The goal of the controller is to produce two control
signals, including up, applied to the boost converter for MPPT
of the PV panel, and up, applied to the bi-directional converter
for load voltage regulation with considering power losses in_
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Fig. 3. Different modes of HPS. (a) sw1=0, sw2=C, sw3=0. (b) sw1=0, sw2=0, sw3=C. (c) swl=C, sw2=C, sw3=0. (d)

sw1=C, sw2=0, sw3=C. (open = O and close = C).

the converter. The design of two control signals in sections 3.1
and 3.2 is given, respectively. The main purpose of this paper
is expressed in the sections 3.2 where it is related to the
controller design for load voltage regulation with considering
the power loss in the converter.

3.1. MPPT controller designer

Several studies have been carried out in the field of MPPT
design, such as perturb and observe (P&O) [14-16], increme-
ntal conductance (INC) [17-18], adaptive control [19-20],
neural networks [21], fuzzy logic [12, 22] and SMC [23]. INC
with Pl is adopted here, because the method that exhibits good
performance [24] due to the high tracking factor (TF) and
better adapt to the rapidly changing atmospheric conditions
and it can be easily implemented due to the advancements of
digital signal processors (DSP). The block diagram of this
method is shown in Fig. 4.
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Fig. 4. Implementation of 1C method using PI controller [24].

3.2. Load voltage regulation controller designer

A bidirectional DC/DC converter is used for load voltage
regulation and charge or discharge the battery storage. In this
section, we intend to adjust the load voltage to the desired
value by designing a simple algorithm and using a sliding
mode controller. It is expected that this algorithm can
neutralize the effect of power loss in the converter, and thus
the controller, while ensuring stability, generates fast dynamic
response, reduces the effect of disturbances (load and
temperature, and radiation intensity). Voltage regulation
sliding surface (s) is selected as

S = X3 —X3q )

where x54 is the desired battery current. It can be described
by:

Pb + Ppv = PL T Dioss (6)
_ 1 (%57 Ploss
X3 = E(%—Vpxl) +L—b (7

where py, Ppv, PL and pioss are battery power, PV power, load
power, and power losses respectively. Piss includes all system
losses such as power loss of inductors, switching and
conduction losses of switches, etc.

Desired battery current can be described by:

1 (%2d® ) Plossd
Xgq = — — VX —lossd
3d ( R pX1) T v (8)

where piossa 1S the desired power losses and it can be described
by:
Plossd = Vb(—kp(X2 — X2q) — K; J(x2 = x,9)dt)  (9)

where Kk, and k; are constant coefficients. By replacing (9) into
(8):
1

2
X34 = — (XZF‘: - vpxl) —kp(x2 — X2a) — ki [ (X5 — Xpq)dt.

Vb
(10)
Regarding equations (7) and (8) we have:
(X3 - X3d) - % (ploss - plossd) = VbLR (XZZ - dez) (11)

when Xs=Xzq and Pross=Plossd , then x, = x,4 and x4 is ideally
designed. In the conventional algorithm [8], Piossa IS Not
considered. In this case, even if the SMC can converge Xs to
Xad, X2 Will not converge to xz4, and the higher the power
losses, the greater the output system error.

In order to get the equivalent control (u.4), the equivalent
control is determined from the following condition:

ds . ds . ds .
+72X2 +EX3 = 0 (12)

s 05 ¢
S ax, L T g

The equivalent control is then derived:
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_ Vb~ (Rip+Rsw3)X3
€4 ™ Xp+(Rswz—Rswa)Xs | (13)
Since the range of duty cycle must lie in 0 <u,<1, the real
control signal is proposed as

0.05 Ugq + Kgs < 0.05
U, = { Ueq + Kss 0.05 < ueq +kgs <0.95 (14)
0.95 0.95 < ugq +Kkss

where Ks is constant coefficient and is determined by trial and
error method by using computer simulations. The existence of
the approaching mode of the proposed sliding function s is
provided. A Lyapunov function v is positive definite term and
defined as

V=22, (15)
The time derivative of V can be written as

The achievability of s = 0 will be obtained by V < 0. V can
be written as follows:

V=5[Vy, — (Rip + Rswz)xs—(Xz + RewoX3 — st3X3)1(1b])
17

assumptions: x, > vy, > 0 ,|vy| > |X3], |[Rewz — Rewsl| < 1
kg > 0.

Three cases should be examined for the fulfillment
of V<0.

Case I: For u, = 0.05.
In this case xs is rising, as a result Ly%; > 0, by
replacing it into (1):
Vb — (Rip + Rgws)xz — 0.05(X; + RgwoXz — Rgwsxz) > 0

(18)

according to ugq + kgs < 0.05, by replacing (12) it into:

Vb — (Rip + Rgw3)xs —.05(X; + RgyoXsz — RgysXs) <
—kss(x2 + RswaX3 — RswaX3) (19)

by assumptions, x, > Rgy2X3 — RgwsX3 and due to (18) the
sign of s is negative, as a result due to the (17) and (18),
V is negative definite.

Case II: For 0.05 < u, < 0.95.

By finding uo from (14) and replacing (13), the
following equation can be obtained:

V = =Ky (X, + RowaXs — RgwaX3) (X3 — X34)? (20)
since (x, > (Rgwz2 — Rsws)Xs, V is negative definite.

Case llI: For u, = 0.95.

In this case xs is falling, as a result Lyk; <0, by

replacing it into equation (1):

Vb — (Rjp + Rgw3)x3 — 0.95(x; + RgywaX3 — Rowsx3) <0

(21)
in this case ueq + kss = 0.95, by replacing (13) it into:

Vo — (Rip + Rswz)xz — 0.95(x; + RoyaX3 — Reywsxs) 2

—kss(x2 + RswaX3 — RswaXs) (22)
since (x, + RgwaX3 — RswsX3) > 0 and due to (21) the sign
of s is positive , as a result due to (17) and (21), V is
negative definite.

From the discussion above, the stability of the system can
be guaranteed using the proposed control law (14). In order to
obtain Xsq and uy the values of X1, X2, X3, Vb, Vp, Vin, R, Rswa,
Rsws and Ry are required. To measure the first five parameters,
we use the sensor and applied section C to calculate the last
four parameters.

3.3. R, Ri, Rsw2 and Ry calculate

The PWM signals SW1 and SW2, load voltage (x2) and
battery current (x3) shown in Fig. 5. Using the system modes
previously described the value of R can be measured. In the
mode (d) where SW1=close and SW2=open, capacitor ¢ is
discharged through the load resistor. It is sufficient to measure
the load voltage (x2) between the two specified times, then we
have the capacitance discharge equation:

R=—— R (23)

T c(in x5 (tR)—Inx2(0))

this mode shown in Fig. 8 where xx(tr) is the Capacitor voltage
at time tg, X2(0) denotes the initial voltage of the capacitor and
tr is the time at which the capacitor voltage from x2(0) to
Xz(tR).

A A

Vas(sw1) ] Vas(sw1)

I ! Vesiswz) !
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Fig. 5. Key operation waveforms of the proposed HPS when
operating in (1) up<uy, Xz>0, (I1) upy>up, x>0, (111) up<us,
x3<0, (1V) up>uy, X3>0.

To calculate R, it is necessary to create a delay of t; size
between the two PWM signals SW1 and SW2. If there is no
delay, R may not be calculated. For example, in Fig. 5. (1) and
5. (), if not delayed (ts), R cannot be calculated because
SWl=close and SW2=0pen, does not occur. tr<ty shown in
Fig. 6, because there will be a small spark in the load voltage
and current on the rising and falling edge of the pulses.

The value of Rj, can be measured in any mode, for this
purpose, a sensor is needed to measure the voltage (Vi) of the
Ly, then we have the inductance equation:

Ripxz = Vip — Ly, [M]- (24)

R

The value of Ry can be measured in the mode (a) or (c)
where SW1=open or close and SW2=close, by using the law
KVL:

RowzXs = Vp — Vjp — X, (25)

The value of Rews can be measured. In the mode (b) or (d)
SW1=open or close and SW2=open, by using the law KVL:

RewsXs = Vp — Vip. (26)

A
Vas(swi)

Y

Vas(isw2)

X(0) X,

\/

!

X>(tr)

»
>

i ty

:< (d) >

Fig. 6. Demonstration of mode (d) for calculating R

Mode

4. Simulation Results

MATLAB environment is used to investigate the
performance of the proposed model and controller structure
for HPS with considering power losses. The results are
compared with the case of ignoring power losses .The
simulation investigates two system characteristics: robustness
against irradiance and load resistance changes. The profile of
solar irradiance and load resistance are shown in Fig. 7. The
specifications of the PV panel, DC converters, and parameters
of the controller are shown in Table I. Rip= Rjp=1.5Q and Rew1
= Rewz2 = Rewz =0.077 Q. The desired output voltage (x2q) is 35

V and MPPT comes from INC with PI algorithm [24]. Fig. 8
shown the load voltage (x), it is observed that proposed
control structure and model, tracks the reference value, but the
conventional model and algorithm, in which power losses are
ignored, due to the power losses, cannot set the output to the
desired value. Fig .9 (b) shows that the battery current
designed with the measured does not converge and the higher
the power losses, the greater the non-convergence, due to the
lack of accurate modeling of the system. However, if the
system model is accurate and we do not consider losses in the
design of the battery current, we will still be in error on the
system output. Fig 10 and 11 shown PV voltage (V,) and
current (x1), control signal (up), battery voltage (V) and
current (xs) and control signal (up) between the two cases,
SMC with proposed algorithm and model, with conventional
model and algorithm. It is clear from Fig .10 that in both cases,
the MPP is well extracted.

Table. |. Parameters Description

Symbol Comment Value
Pmax Power maximum of the PV 16.2W
Vp Output voltage of the PV 16.2v at Pmax
X1 Output current of the PV 1A at pmax
Voc Open circuit voltage of the PV 19.6V
I Short circuit current of the PV 1.45A
Vb Battery voltage 12V-7Ah
L, Lp Inductor 5mH
Fswz3 Switch frequency 31.25kHz
SW1,2,3  MOSFET switch IRF540
C Capacitor 470 pf
Ks Constant coefficient SMC 0.8
Kp Proportional coefficient 0.6
Ki Integral coefficient 0.005
tr Sampling time lusec
ty Delay between the two PWM 1.4 psec

signals SW1 and SW2
1041
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Fig. 8. Load voltage (a) with proposed control structure and model and (b) with conventional algorithm and model.
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(b)

Fig. 11. Battery voltage and battery current and control signal uy (a) with proposed and (b) with conventional algorithm and

model.

Fig. 12 shows the power losses in various disturbances and
verifies that the proposed model and algorithm are well suited
for tracking system losses.

01 0.15 0.2 0.25 03

Time{(sec)
Fig. 12. Power losses in the converters

035 04

5. Experimental Validations

To verify the robustness of the controller with proposed
model and algorithm, the experiment configuration is set up as
shown in Fig. 13, where specifications of the system are
shown in Table I. The proposed controller is implemented on
SPARTAN XC3S400 chip. The PV voltage (V;) and current
(x1), battery voltage (Vy) and current (xs), the voltage of the
Ly (Vib) and load voltage (x2) are sent to the A/D pins of the
chip. Afterward, the control signals (up and uy) are calculated
and then, a PWM signal at 31250 Hz is directly generated to
control the switches of the HPS. A block diagram of the
experimental setup is shown in Fig. 18.

™
28
e
'z
L

Fig. 13. Implementation of the closed-loop system

The control objectives are load voltage regulation to 35
V, the PV irradiance is 1000 W/m2 and the temperature is
298°K and at MPPT, V,=16.2v, x1=1A. In order to verify the
estimation and tracking ability of the system, we using a
photovoltaic panel emulator [25]. The resistance of the load
varies directly from 50 to 100 Q, and vice versa. Fig. 14 shows
the voltage and current of the load unit. The first transient

corresponds to load variation from 50 to 100 Q, and the last
transient corresponds to load variation from 100 to 50 Q. It
can be seen that the SMC with a proposed equation for
designing the battery current and model is able to track the
reference voltage of the load with a reasonable performance,
regardless of the load variation. The load disturbance produces
a maximum transient deviation of the load voltage below 4%,
which is rejected in less than 25 ms. Afterward, the load
voltage returns to 35 V after a fast transient state. Fig. 15
shows the battery current. It can be seen that when the load
resistance is increased from 50 to 100 Q, the required power
is lower than the PV power. In this condition, the sign of the
battery current is negative. Fig. 16 presents the PV current
(x3). It can be observed that the proposed INC MPPT with PI
regulates the PV current to Imppt Without steady-state error. The
settling time of the PV current (x3) is about 25 ms. This
tracking performance can maximize the extracted PV power.
Experimental waveforms of the PV and battery voltages are
shown in Fig. 17. It can be observed that the PV voltage is
nearly constant, while the battery voltage exhibits high
variation due to the internal resistance. In the charge state, the
battery voltage is higher than the nominal voltage. It can be
concluded that the proposed system is robust with respect to
PV voltage variation. Moreover, since the voltage of the
battery changes due to the internal resistance, the proposed
system is also robust toward battery voltage variations.

Tek JU ® Stwp M Pos: —3400ms  MEASURE
- H

__-——.——‘r -\—.‘ — ) 1..»1r‘
SOV
CH2
k=P
205

1 H2 SO0V M SD.0ms CHA 7 250V

B~Jan~18 14:56 31.2451kNM:

Fig. 14. Transient response with the load resistor (R) varying
periodically stepwise between 50 and 100 Q. CH1 (Bottom)
load current (200 mA/div). CH2 (Top) load voltage (5V/div).
Load voltage tracks the desired 35-V reference well.
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Fig. 15. Transient response with the load resistor (R) varying
periodically stepwise between 50 and 100 Q. CHI: battery

current (xs) (500 mA/div).
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vemy

o = SO T MSooms

8~Jan~18 15:54
Fig. 16. Transient response with the load resistor (R) varying
periodically stepwise between 50 and 100 Q. CH1: Pv current
(x1) (200 mA/div).
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31.249kH2
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Fig. 17. Transient response with the load resistor (R) varying
periodically stepwise between 50 and 100 Q. CHI1 (Top)
battery voltage (V) (5 V/div). CH2 (Bottom) PV voltage (Vp)
(5 V/div).

Battery

SPARTAN XC3S400

Fig. 18. Block diagram of the experimental setup.

6. Conclusion

This paper the role of taking into account power losses in
the design of sliding mode controller for HPS system has been
presented. For this purpose, the exact system model was
provided with a relationship for designing the battery current.
To investigate the validity of the proposed model and control
structure, we compared the HPS once, regardless of power
losses, and once more with regard for power losses by the
SMC controller. Simulation and experiment results show that
the proposed system is robust to input voltage variations and
load changes. The proposed system tracks the reference values
well, because, the proposed system tracks battery current and
power losses. Conventional model and algorithm that do not
consider power losses in the system, cannot accurately
estimate battery current and in lead to a lack of proper
dynamic response.
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