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Abstract— In this paper, the design and implementation
of active power control (APC) with anti-windup PI
controller (AWPI) and improved perturbation and
observation (P&0) method with sliding mode control
(SMC), are investigated to get high level of performance
with reduced number of sensors for a stable operation of a
wind-PV-battery based hybrid standalone power
generation system (HSPGS). The SMC approach with
boundary layer, is used to have an optimum trajectory of
the system as sliding manifold of surfaces, under variable
operating conditions of many power converters operated
in simultaneously. Furthermore, detailed modeling and
stability analysis to demonstrate the transversality,
reachability and equivalent control, are presented. The
effectiveness and robustness of HSPGS and their
respective control strategies are validated by simulation
and test results on a hardware prototype using DSP-
dSPACE real time controller.

Index Terms— Hybrid standalone power generation
system (HSPGS), wind turbine (WT), solar photovoltaic
array (SPVA), sliding mode control (SMC), stability
analysis, perturbation & observation method (P&O), anti-
windup PI controller (AWPI), active power control (APC).

|.  INTRODUCTION

EVERAL remote areas in the world use only diesel

generators (DGs) to support their electricity needs. This
energy source (ES) is costly and pollutant. However, hybrid
standalone power generation system (HSPGS) based on wind
and solar energy supported by the battery energy storage
system (BESS) is considered as a promising solution for
remote areas to reduce diesel-fuel dependency, to minimize
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the greenhouse (GHS) emissions, to reduce power
transmission, and to minimize the system losses [1]. This new
technology is effective however, it requires improvement
especially in the design and control to become simple and easy
to use.

ESs are proposed in the literature [2]. In the most of the
proposed configurations [3,4], multi-stage converters are used
to connect the distributed energy resources (DERs) to the
point of common coupling (PCC), which leads to an increase
of energy losses and the cost of installation. In [5], AC-DC
microgrid configuration is proposed to connect the DERs to
the PCC. The authors have succeeded to achieve their
objectives; however, this proposition is not validated in real-
time. Generally, single or two-stage converters are used to
connect the PCC and the solar photovoltaic array (SPVA) [6].
In [7], a single stage system is proposed and obtained results
show satisfactory performance. According to [7-9] and the
comparative study realized in [10], two stage system shows
high level of performance especially in DC voltage stability
and power quality.

Regarding, the efficiency of SPVA and WT, many methods
are developed in the literature to track the maximum power
point (MPP) [11, 12]. Compared to the existing MPP tracking
(MPPT) methods, perturbation and observation (P&O) is
extensively applied as an easy method. Unfortunately, this
method suffers from the continuous oscillation that occurs
around the MPP. In addition, it loses the tracking direction
during sudden change in weather conditions. These drawbacks
are solved in [13] by limiting the control using dynamic
boundary conditions. This solution is effective however, it
requires improvement especially in modeling and stability
analysis. In [14], an improved beta-P&O method is proposed
to solve the drawbacks of the classical P&O method. This
solution is complex and its dynamics is slow. Furthermore, it
requires large run time because it uses two stages, 1) adaptive
scaling factor beta to get high level of performance during
transient response, and 2) zero oscillations P&O method for
steady-state error. Similarly, the authors in [14-15], have
presented improvement in the performance of classical P&O
by using delta-P&O, PI-P&O, as well as, ZA-P&O methods,
however, with complicated control and hardware complexity.
In the same context, hybrid analog-digital sliding mode
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Fig. 1. HSPGS configuration under study.

controller (SMC) is presented for P&O method in [16] to
achieve high performance especially during weather changes,
and for fast tracking, the P&O based SMC is used in [17]. In
[18], the tip-speed ratio based SMC has been proposed for
variable speed WT. The same approach is applied in [19-21]
with detailed stability analysis and controller gains
calculation. In all these studies [9],[16-21], successful
validation of SMC based MPPT for SPVA and variable speed
WT, on hardware prototype is presented and obtained results
show satisfactory performance. However, these SMC based
MPPT methods [9],[16-21], are applied and validated for
simple systems using only one DER with reduced number
power converters, where the chattering phenomenon due to
high switching frequency is not a big issue.

In a HSPGS, voltage and frequency are regulated by
controlling the DC-AC interfacing inverter using appropriate
control strategy such as, adaptive voltage control [22] or the
new fuzzy adaptive voltage controller [23]. The presented
results have shown satisfactory performance however, they
require additional sensors and are complex to implement. In
the same context, improved droop control strategy is
suggested in [24-28] for easy implementation in real time.
Unfortunately, in all proposed control strategies [24-28], the
inner and outer loops are used in classical PI controllers and
the saturation limits are considered, which is not enough to
prevent wind-up when the system exceeds its physical limits.
In such cases, the feedback loop is broken and the system runs
as an open loop.

Inspired from these previous studies, an improved P&O
based SMC with boundary layer, is proposed in this work to
achieve improved performance with stable operation from
SPVA and WT, with less concerns of chattering phenomenon
when many power converters operate simultaneously.
Furthermore, new solution to achieve MPPT from WT without
any wind speed or rotor position sensors, is proposed to reduce
the hardware complexity, and detailed stability analysis is

Diod erectifier

presented. Active power control (APC) with reduced number
of current sensors is proposed for voltage regulation at the
PCC. In addition, to avoid the saturation phenomenon and to
prevent voltage overshoot during transitions, an AWPI voltage
controller with optimal gain design is proposed here.

Il.  SYSTEM CONFIGURATION

Fig.1 shows the proposed HSPGS configuration for isolated
areas that possess a good wind and solar potential. It consists
of SPVA, WT driven variable speed permanent magnet
brushless DC generator (PMBLDCG), BESS, two boost
converters, a three-phase diode rectifier, interfacing DC-AC
power inverter, LC low-pass filter, loads, and a DC dump
load. To avoid the synchronization issues, all DERs are
connected to the DC bus. Three control strategies are
developed to ensure stable and affective operation of HSPGS
under sever conditions.

[lIl.  MODELING AND CONTROL STRATEGIES

In this section, modeling and developed control strategies
for boost power converters of SPVA and WT, and an
interfacing three-phase power inverter, as well as, the stability
analysis, are given in detail.

A. Modeling and control design for SPVA

From Fig.1, a boost converter of SPVA, is modeled as
follows.

L (0i, l0t)=v,, ey
Counr (0, 10t) ==V, / R ()
icor = Coy (0 100) =y ~ iy, 3
And for Sgpy=0 (OFF),

L (i, /0t)=v,, =V, (4)
Coun (0v,0 1 0t) =iy, = (Vo / R) (%)
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where Sgpy, L;, Cpy, Cours R, irs, ipw, icprs Vouwr, and vepy
represent the switch, inductance, input and output
capacitances, equivalent load resistance, inductor current,
output PV current, input capacitor current, output voltage, and
input capacitor voltage of the boost converterl, respectively.
Based on (1) to (5), the following equations for boost
converter 1, are obtained as,

(0iy, 10t)= (v, I L)=(1=d)(Vpour ! L) (6)
(Vs /08) = (11 Cp )| (i1 (1= ) ) = (Vs / R) ] ©)

Rearranging (6), one gets the following expression as,

Term1 Term2

——
(Bipy 1 0t) = (vpy 1 L) =(1=d,) (Vs / L )+ Cpy (87v,y 1087 (8)
where d; is the desired control.
The variation of the vp, during court duration is equal to zero.

However, the second derivative of vpy is equal to zero.
Hence, expression given in (8) becomes as follows,

(Bipy /01) = (vpy /L)~ (1=d, ) (Vo / L) ©)

1) Control strategy for the Boost converter-1

Fig.2 shows the control scheme of the improved P&O
method based on SMC with boundary layer, which is used to
achieve high performance from SPVA and to ensure the
stability during sudden change in solar insolation in finite
time.

doy=1- [[.‘rp\' :l M ¥om ]:|

lp‘. >

Fig. 2. Improved P&O based SMC with boundary layer for SPVA.
The design of SMC is based on the following steps;

2) Sliding surface selection

To reach the surface and achieve MPPT without loss of the
control, sliding surface o, is selected as:

o, =(0P,, /08i,,)=0 (10)

where Pp; denotes the generated power from SPVA and it is

equal to,

Poy =Vpyipy (1D
Replacing (11) in (10), one obtains,

o, =(0P,, /8i,, )=0(vyyip, )/ 0ip, (12)
Rearranging (12), one gets the following expression,

O, =Vpy +i,p (OV,y /81'”1,3,,) 13)

where i,p denotes the optimal output PV current obtained
using the classical P&O method [29].

3) Model of the equivalent control

To reach the surface and achieve MPPT without loss of the
control, sliding surface o, is selected as:

The equivalent control is obtained by setting the derivative of
(13) to zero.

The structure of the chosen control (d;) is expressed as,

d=d, +d (14)
And the switching control (dy;) is defined as,
d, =k ((1+&+sat(c,,®))/2) (15)

With
1 c, -,
sat(o,,®,)y0,/®, lo|< @,
-1 o <-D,

(16)

where k; d.,, € and ®@;, denote positive control gain,
equivalent control, very small value and sliding layer, which is
chosen to be between 0.5 and -0.5.

0o, /0t)=(0c,/0i,,, )(0i,p, /Ot
( l(gcl ) diy )EEVW /Ll)—)(l ) 1))
The non-trivial solution of (17) is described as follows,
Vpy _(l_dl)vmnl =0 (18)
The equivalent control is obtained from (18) as,

deq, =1- (va /voml) (19)

4) System stability analysis

The Lyapunov function candidate is used to verify the system
stability as,

V,=(1/2)c (20)
The system is globally stable if the derivative of (20) is
negative as.

(ov,/0t)=c,(dc,/0t)(0 €2y
Replacing (13) and (17) into (21) gives (22), which consists of
three terms as,

Terml Term2

(Vor + i (aym,z/ Ot ))(2(Vey / Gty )iy (8% 1 8%,y )) (22)

((VPV /Ll)i(lidl)(vourl /Ll))<0

where, vp;- denotes the output PV voltage, and is expressed as,
vy = (74 ) g )i (i +1, =iy, ) /1, ) (23)
where, ky, T, A, q, iy, ip, i, denote Boltzmann’s constant, cell
temperature, ideality factor, charge of an electron, light-
generated current, saturation and the PV currents, respectively.
It is observed in (22) that term; and term, contain the 1* and
the 2™ derivatives of output PV voltage (vpy). To verify the
sign of (21), we replace the 1% and 2™ derivatives of vpy given
in (24) and (25) into (22) are replaced as fellows.

The 1% and 2™ derivatives of vpy, are described as,
Term?2

Term1

._/;ﬁ [oum— _
(v /00y ) = = (kT4 g )iy / (i +1p =011 24)
Terml Term?2
_ Togml
(azv,,V /aziu): —(k,TA4/ q)(iD /(ip,, iy — iLI)Z) (25)

To verify the stability condition defined in (21), signs of all
terms in (22) must be determined. Light generated current (i)
in term, of (23) is greater than the saturation current (ip) and
the inductor current (iz;). However, term, is smaller and
positive. The sign of the term; of (22) is positive and its value,
which is calculated using real parameters of SPVA given in
Table 11, is equal to (k,74/g=0.0026).

The sign of term; of (22) is positive, this is due the output PV
voltage vpy, which is greater than the value of term
(8mpAOVpylOismpr)). The sign of term,, which is negative, is
deduced using the sign of the 1* and the 2™ derivative of vpy,
which are already calculated in (24) and (25). Based on the
obtained results, sign of ferm; in (22) must be positive to
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verify the stability conditions given in (21). Replacing (19) in
(14) and after in term; of (22), gives the following expression,
Term?2

Terml x1

(Vourr /Lﬁl)kl ((1+ €+ sat(GI,CDl))/Z) 0

(26)

Term; in (26) is always positive. Therefore, to satisfy the
condition given in (21), sign of term, in (26) should be
positive. The term (x1) in (26) is always positive, so the
control gain k; must be positive to satisfy the stability
condition given in (21).

B. Modeling and control design for WT

As shown in Fig.1, stator terminals of PMBLDCG are
connected to the DC bus through a diode rectifier and boost
converter used to achieve the MPPT. Using this configuration,
the WT voltage varies slightly with variation of the rotor
speed, which makes possible to achieve MPPT without
measuring rotor position or wind speed.

1) Mathematical model of PMBLDCG

The mathematical model of PMBLDCG is as follows [30],
[Vsahc ] =R, | [ sabe ] + (L, M)[dlvahc /dt]+ [eahc] 27
where Ve, lsape Ry Ly, M, €4, denote terminal voltages and
currents, stator resistances, inductances, mutual inductance
and the back-emf of PMBLDCG, respectively.

The electromagnetic torque of PMBLDCG, is described as,

= (1 / (’Or )(eaiWTa + ebiWTb + eciWTc ) (28)
where w, is the mechanical rotor speed and is defined as,
©,~(2/P) w, (29)

where @, and P denote the electrical frequency and the
number of rotor poles, respectively.

The equation of motion of PMBLDCG is defined as,
T,=T,+J(do, /dt)+Bo, (30)
where J, B, T,, and T, denote the moment of inertia, friction
coefficient, developed torque and electromagnetic torque,
respectively.

2) Mathematical model of the boost converter-2
From Fig.1, a boost converter of WT, is modeled as follows.
For, Sgwr=1 (ON),

L, (0i,, /0t)=v,, (31)

Couiz (0Vyy 10t)==v,.,, /| R (32)

icwr = Chyr (Oveyr [ 08) =iy — iy, (33)

And for Syt =0 (OFF),

L, (0iy, /0t) =V =V, (34)
Cour (0,0, 108) =iy = (v, / R) (35)

where Sgwr, L2, Cyr ,Couzs R, ir2, iwrs icwr, Vou2, and vepr
represent switch, inductance, input and output capacitances,
equivalent load resistance, inductor current, output PV current,
input capacitor current, output voltage, and input capacitor
voltage of the boost converter-2, respectively.

Based on (31) to (35), the following equations for boost
converter-2, are obtained as,

(0, — lcwr ) /0t)=(0(iy; — Cprovy,)/ arg (36)
- VWT /L ) ( S(vuufl 2
(6Vout2 /at) = (1 / CoutZ )I:(ZWT (1 - dz )) ( 0ut2 / R):I (37)
Rearranging (36), following expression is obtained,
Tuml
(0iy, 1 0t)= (VW, /'L ) (1 -d,)) (Vo ' L) (38)

(av /az)

where d, is the de51red control.
The variation of the vyr during this duration is equal to zero.
However, the second derivative of vy is also equal to zero.
Hence, (37) becomes as follows,
iy 10t)= (v 1 L) = (1= dy ) (Voo / Ly)
3) Control strategy for boost converter-2
An improved P&O method based SMC with boundary
layer, is presented in Fig.3, which is developed to achieve high
performance from WT driven variable speed PMBLDCG
without mechanical sensors. It is also used to ensure stability
at the operating point in finite time, during sudden change in
wind speed. For this method, only output (v,,;) and input
(vwr) DC voltages and the inductor current (i;,) which is equal
to the output WT current (ij7), are sensed to obtain the desired

control d,.
o

(39)

d, 2 1 Szwr

Q0T

d.,=1- [("m‘ M (Vasa )]

Vwr Lawr : T
. P&O |—wid , =& ((1+e+sai(o,.P,))/ 2)
lgr o= = = 2 N !

Fig. 3. Improved P&O based SMC with boundary layer for WT.

4) Sliding surface selection
The selected sliding surface o, is designated as,

&, = (0P /00y ) =0 (40)
where iy denotes the DC current and P,.r is the generated
power from WT, which is calculated at the DC side as;

Prwr = Vyriyr (41)
Replacing (40) into (41), one gets the following expression as,
Oy = Vyr Y iuyr (aVWT /aimWT) (42)
where i,yr denotes the optimal current obtained using
classical P&O method.

5) Determination of the equivalent control

The structure of the desired control (d,) is expressed as,
dy=d,,+d, (43)
And the sw1tch1ng control (dy,) is defined as,

2

d, =k ((1+c+sat(c,,®,))/2) (44)
With
1 c, =D,
sat(02,®2) c,/®, |02|SCD2 (43)
-1 c,<-0,

where k, d., and @,, denote the control gain, equivalent
control, and sliding layer, which is chosen to be between 0.5
and -0.5.

The equivalent control is obtained by setting the derivative of
(42) equal to 0.
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(00, /0t) = (80, / Biyyy )(iyy | 1)

(46)
= (00,1 iy ) (Vir 1 L) = (1= ) (Vyr / L,) ] =0
The non-trivial solution of (46) is expressed as,
(VWT _(l_dZ)vatZ): 0 47)
The equivalent control is obtained from (47) as,
dng :1—(VWT /vﬂm) (48)

6) System stability analysis

The Lyapunov function candidate is used to verify the
system stability as,
v,=(1/2)c,’ (49)
The system is said globally stable if the sign of the derivative
of (49) is negative as,

(ov,/0t)=0,(00,10t)(0 (50)

Replacing (42) and its derivative expressed in (46) into (50),
one obtain following expression,

Terml

(0V, /1 0t) = (i + iy (OVyr / By )

Term?2

(2(0Vr / Bty )+ iy (07Vig 1 0%y ))

((VWT /L) =(1=dy) (Vo /Lz))<0

It is observed that the three terms in (51) are depending on
vipr. Neglecting semiconductor voltage drops, as well as,
commutation overlaps, an output DC (vy7) voltage is defined
as [31],

VWT = 2kma)r

(1

(52)

where £, is motor back EMF constant and w, is the rotor
mechanical speed, which is obtained using an experimental
characteristic of PMBLDCG given in Table I and depicted in
Fig.4.

TABLE 1

EXPERIMENTAL CHARACTERISTIC OF THE PMBLDCG

i (A) 0290 | 19|37 |53

o (RPM) | 451 | 501 [ 551 [ 601

The relationship that expresses the mechanical rotor speed of
PMBLDCG versus the output DC current (i7) is expressed as
follows,

®p =3.1i, yrr + 46 (53)

65

] T e

55

.50 /

o, [rad/s]

‘ ¥ datal ...
/v/ —— linear
i i
[ 1 2 3 4 5 6

Fig. 4 Experimental characteristic w=f(imwr) of PMBLDCG.

Replacing (53) into (52), one obtains following expression as,

Vi =k, (620, +92) (54)
To satisfy the stability condition given in (50) the sign of each
term in (51) is verified separately.

Using (54), one determines the sign of the 1% and 2™
derivative of vyr.

k,0(6.2i,,, +92)/di,,, =6.2k,)0 (55)

k0% (6.2, +92)/ 0%, =0 (56)

Replacing (55) and (56) into the term; and term, of (51), we
obtain the following expressions as,

Ky (620, +92)+6.2k,i,,,)0 (57)
Moreover,
12.4k, +0)0 (58)

It is clear that the sign of term; and term, of (51) are positive.
Therefore, the sign of the ferm; must be negative in order to
satisfy the stability condition.

Replacing (44) and (48) into ferm; of (51), one obtains the
following expression as,

Term?2
—_— -
Term1 x2

(Vourr / Ly ) ooy (14 & + sat(0,,®,))/2)(0 (59)
The sign of the term; in (58) is always positive. Therefore, to
satisfy the stability condition given in (50), sign of ferm; in
(59) must be negative. The term (x2) in (59) is always
positive, so the control gain (k,) must be negative to satisfy the
stability condition.

-

C. Modeling and control design of three-phase inverter

Fig.5 shows the control scheme of the APC based on AWPI
controller for the AC wvoltage regulation. The system
frequency is maintained constant by operating the DC-AC
interfacing inverter at 60Hz. Applying Kirchhoff’s voltage and
current laws at the connection point of the three-phase
interfacing inverter shown in Fig.1, following differential
equations in natural three-phase coordinate system (a-b-c), are
obtained as,

(diinv(abc) /dt) = (l /L, )(d(abc)Vdc - vL(abc))

(de(ahc) /dt) = (1 / Cf )(iinv(alzc) - iL(abc)) (61)

where dpe), Viaves Tinviabe)> iLabeys Vies Cp and Ly represent the
control variable, AC voltages, output inverter currents, load
currents, DC link voltage, capacitance and inductance of the
inverter output filter, respectively.

(60)

L

v gq u,
o
. i b.‘ WP

1
L
di
1 20C, i + Sy
] a ) ar
iy 2 Cu, —v,‘d[C/w2 _[L ]
i = f
v iy Y [V ] dv di
i dq « 2wc/( "”]+( ’”J

Vi % e, . “

Fig. 5 APC based AWPI controller for DC-AC interfacing inverter.

YVYVY ¢ LAAl

~

;
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Applying Park’s transformation to (60) and (61), one obtains
the following expressions in d, q rotating frame as,

(diyg /dt)= (Voo I L, )dy+ iy 0+ vy,
(diyg /dt)=(Vy /L, )d, = ipo+v,,

invg

(62)

{(dvh, 1dt)=(1/C iy =iy )+ 0V, 63)

(dv,, /dt)=(1/C, )iy — i1, )~ @V,

Replacing (62) in the derivative of (63), one gets the following
expressions,

u

—_——

C,(dv,, /dtT):qu (c,o*-(11L,))-
20C , (dv,, /dt)+(V, /L, )d, - i, - (di, 1dt) (64)

Ug
— —

c, (d;:/_dtz): v, (Co0t=(1/L,))+
2C,0(dv,, /dt)+(V, /L, )d, +oi, - (di, | dt)

where u, and u, denote new equivalent inputs, and o is
pulsation, which is defined as,

©=27f (65)

where f; denotes the system frequency and is set equal to
60Hz.
From (64), one extracts the control laws d,; and d,, as,

_C u —v (C a)z—(l/L ))+a)iu_
d -(L v 4y Lq S /
q ( I d‘)_+2(oC/. (dVLd /dt)+ (diLq /dt) J4(66)
d, = (Lf /Vdf)_—Za)Cf (deq /dz)-n— (di,, /dt)

The dg-axis AC voltages v,; and v, are controlled
independently by acting upon the inputs u, and u,
respectively. However, the tracking controllers, are obtained
as follows [32],

u, = (krc (rl.s + 1)/1',, (rCs + 1))eq + (l / (TCS + 1))uqmX 67)

u, = (kre (rs +1) /7, (o5 +1) e, +(1/ (208 +1))

where e;, , Vi4q K ,7,and 7c denote the dg-axis AC voltage
error, dg-axis AC voltages, proportional, integral feedback
gain coefficients, respectively.

Fig. 6 shows the block diagram for AWPI controller with
feedback path control for d and q axis to avoid the saturation
problem. The AWPI controller model is based on time
constants 1. and T;, as well as, the gain k, which have a visible
effect on system performance when saturation occurs.
Therefore, to get high performance, optimal gains design is
required. The selected optimal gain values are given in Table
II of Appendix.

ud,qmax Vg .

St

Fig. 6 Block diagram of the AWPI controller with feedback path control
for d and q axis.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Performance of the APC based AWPI controller and
improved P&O based SMC with boundary layer developed in
this work are simulated under severe conditions using
Matlab/Simulink and validated in real time using hardware
prototype built in the laboratory.

A. Performance of improved P&O based SMC with
boundary layer for WT and SPVA under weather change
Fig. 7 (a) shows the waveforms of the mechanical torque (7,,),
rotor speed of PMBLDCG (w,), stator voltage (v,,) and current
(i,,) of phase “a”, the output DC voltage (vy7), output DC
current (iyr), inductor current (iy7=i;,), the current reference
(iwr) and the desired control (d,). It is observed that iy, and
iwr vary with variation of 7,, developed by WT, the v, and vyr
vary slightly during variation of w, compared to its rated
values. It is clearly observed that iy varies with variation of
w,, with increments att = 0.4 s, 0.9 s and 1.4 s. The iy (which
is equal to the i;,), follows its reference i,y during sudden
variation and MPPT is achieved without measurement of w, or
wind speed. Furthermore, the control d, remains within the
defined range of variation even during transition and
simultaneous operation of boost converter-1 and three-phase
interfacing inverter, which confirms the robustness of the
improved P&O method.

In Fig. 7 (b) the waveforms of the solar insolation, output
PV voltage (vpy), output PV current (ipy), inductor current (i;;)
and PV current reference (i,py) and the control (d;), are
presented. The solar insolation is increased at t=0.3s,
decreased at t=0.8s and increased again at t=1.3s. It is
observed that i;; follows its reference during increase and
decrease in solar insolation. MPPT from SPVA is achieved
quickly without control divergence. However, d; is not
affected due to wvariation of solar insolation and
simultaneously operation of boost converter-2, and the
interfacing inverter. It is staying within the defined range
during transient and steady state conditions. This confirms the
robustness of the improved P&O based SMC with boundary
layer.

B. Performance of the APC based AWPI controller
under different type of loads

Fig. 8 (a) shows the waveforms of the DC link voltage
(V4), which is equal to battery voltage (V5,,), AC voltage (v;)
and load current (i), and the system frequency (f5) during: a)
steady-state, b) sudden increased in linear load at t=0.1s, c)
phase “a” load is switched ON between t=0.03s and t=0.13s,
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and d) presence of balanced and unbalanced nonlinear load. 20
This test is performed under load and weather condition Z ok
change. One can see clearly that APC based AWPI controller =2
performs well during sever conditions, such as disconnected 102
load in Fig.8 (b) between t=0 s and t=0.1s and during presence 0 02
of unbalance linear load in Fig.8 (c), as well as balanced and _ 50
w‘o‘w‘mo.o‘o".o‘o‘0.o‘oy.ogy.ogg.ogg.o‘W
It is observed in Figs.8 (a-d) that the AC voltage is -50
regulated constant and sinusoidal with zero steady state error. 0 004 014 0-2
It is demonstrated that APC performs well under different """""""""""""""""'
conditions. Furthermore it is proven that AWPI controller =
perform well during transient and steady state without any ~ ““““"““““““““““““‘
saturation and control divergence. This confirms the '5(; N7 i ) 0n
robustness of the APC based on AWPI controller with optimal 60.1
gains design. =
% 60
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Fig. 7. a) Obtained results of improved P&O based SMC with boundary 399 0.03 0.08 0.13 0.16 0.2
layer WT side, and b) SPVA side. Time [s] (o)
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106 . study the performance of the APC and its AWPI voltage
~ controller, system is subjected to: a) sudden increasing in load
:g 1041 1 at t=0.05s (Fig.10.a), b) phase (c) is disconnected at =0.05s

(Fig.10.b), c) no load at t=0.05s (Fig.10.c), and d) balanced
nonlinear load (Fig.10.d). It is observed that AC voltage is
regulated constant and sinusoidal in presence of all conditions.
One can see clearly that AWPI controller acts quickly during
transition without voltage overshoot, which confirms the
robustness of the controller for voltage regulation in
standalone system.

Tek Prevu

Ch.1:50V/div. Ch.2:50V/div.

60.1 T T T

. . . , Ch3:10A/iv. Ch4:10A/div.
0 0.03 0.08 0.14 0.16 0.2 iLc iLa !

e o

Time [s] (@) - o~ e AN AN

me |s WM:/% %ﬂ/”\\k}'//\‘
I “yor

)

Fig.8. Performance of the APC based AWPI controller under a) steady-
state, b) sudden increased of load at t=0.1s, c) unbalance linear load,

and d) balanced and unbalanced nonlinear load. (a)
C' Expenmenta/ ReSUItS (@ s0.0v 2 @ 100AQ @ 10 nAA Q J[m.oms ] }gEkS/_s! [ Line /7 0.00V
. . . . points
Fig. 9 shows an experimental configuration used to validate
lek Prevu

in real time the HSPGS configuration and the developed :
control strategies. It consists of Lab-Volt WT emulator v
coupled with PMBLDCG and Lab-Volt PV emulator, !
Semikron power converter, voltage and current sensors, lead
acid batteries, isolated card and DSP-dSPACE real time »
controller.

vLe vLa

Ch.3:10A/div. Ch.4:10A/div.
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Path d . ol Ly Pl AN
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5-SemiKron Inverter
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5-2 DC-DC boost convertrel
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Fig. 9. Experimental hardware configuration of HSPGS. Fr b st ;
1) Test of the APC based AWPI controller at load
variation ©
In Fig.10 (a-d) the waveforms of the line-neutral AC i i
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Fig. 10. Performance of the APC based AWPI controller under: a)
dynamic linear load change, b) removed of one phase, c) complete
removed of load, and d) balanced nonlinear load.

2) Test results of P&O based SMC with boundary layer
under weather change

In Fig.11 (a) the waveforms the stator phase voltage (vy,)
and current (is,), and output DC voltage (vyr) and current
(iwr), are presented. To study the performance of improved
P&O based SMC with boundary layer to achieve MPPT from
variable speed WT coupled with PMBLDCG without speed
measurement, the system is subjected to wind speed variation
at t=0.8s, and at t=2.8s. It is observed that vy vary slightly
with variation of the wind speed but iy, and iy are increased at
t=0.8s and increased further at t=2.8s without control
divergence during transition period.

In Fig.11 (b), the waveforms of the line AC voltage (Viap),
load current (i;,), output PV current (ipy), and battery current
(ipar), are presented. To study the performance of the improved
P&O based SMC with boundary layer to achieve MPPT from
SPVA, the system is subjected to different insolations at t=0.2
s and t=0.6s. It is observed that the system performs well
without any divergence in control during transition when
several power converters operate simultancously. This
confirms the robustness of the control approach for MPPT
when several power converters operate simultaneously.
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Fig. 11. Test of improved P&O based SMC with boundary layer under
a) wind speed, and) solar insolation change.

3) Test results at fixed linear load and variation in
weather conditions

The waveforms of the line to neutral AC voltage (v.,),
battery current (i), output PV current (ipy) and WT output
DC current (ijr), are presented in Fig. 12. The performance of
the system is obtained when all power converters operate
together to fulfill a fixed linear load by applying the following
conditions: a) absence of solar insolation and wind speed in
the beginning and sudden increase of wind speed, b) absence
of solar insolation and sudden decrease of the wind speed, ¢)
absence of wind speed and sudden decrease of the insolation,
d) presence of the wind speed and insolation at the beginning
and sudden decrease of insolation. In all tests load is kept
constant. It is observed that AC voltage is regulated constant
and sinusoidal with zero steady state error during transient
operations. Further, it is observed that BESS current varies
with variation of output PV and WT currents, it balances the
power in the system by charging and discharging the battery.
It is observed that P&O based SMC perform well when many
power converters operate simultaneously. Furthermore, the
APC with AWPI controller is able to maintain the AC voltage
constant and sinusoidal in the presence of different conditions.
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variable weather conditions. It has been demonstrated that the
improved P&O based MPPT is more reliable and efficient
during weather changes in presence of many power converters
operated simultaneously. Further, it has been demonstrated
that the APC with AWPI voltage controller regulates constant
and sinusoidal AC voltage without any saturation and
overshoot during transients. Simulated performance has been
validated on real-time laboratory prototype for improved P&O
based SMC with boundary layer and the APC with AWPI
controller with reduced number of sensors and hardware
complexity.

APPENDIX
TABLE I
®)
H SYSTEM PARAMETERS
(@ s0.0v 2 @ 200AQ @ 2.00AQ J[moms ] }ggtys_l [ Line / 0.00V
points
Tek Prevu Element Parameters
SPVA i»=5.981. 10 A, i,,=6 A, k=0.0024, Tr=298 K
. Ch.1:S0V/div. side q=1.6.10"C, K,=1.38. 102 J/K, E,=1.12V, 4=1.2
n Cou;=1000uF, C;=1000 pF, L,=1.5 mH, k,=50
WT R,=0.808 Q, L,=5.44 mH, V,=208 V, w,~= 1800 RPM, Lyr=1.5
i3 side mH,, J=0.01859 kg.cmz, K,=80 V/tr/min, C,,,>,=1000uF, C,=1000
WE, 2P=4, k,=50
DC Bus | C4=2500 pF, V4=105V, lead acid batteries 9*(12V/12) Ah.
B TN RN RV Y AC f=60 Hz, V;;,=50V, L=5mH, C/= 40 pF linear load (R,=8 Q),
o i Ch.2:1A/div. / Side nonlinear load ( R,=8 Q, L;=20 mH ), k=3, 7.,,=0.5, 7.=10, 7=2
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Fig.12. Dynamic performance under wind and solar insolation change.
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I. CONCLUSION

A wind-PV-battery based hybrid power generation system
has been proposed for standalone application. Modeling,
control design, and stability analysis have been presented in
detail. Simulated performance of the system has been obtained
with an improved P&O method for MPPT of SPVA and WT.
For a multiple source power generation system, SMC with
boundary layer is designed for improved performance under
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