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Abstract—Maximum power point tracking (MPPT) is used to
utilize intermittent solar power fully in the photovoltaic (PV)
systems. Tracking the MPP fast and accurately with changes in
the solar irradiance and the temperature is the goal of MPPT
techniques. In this paper, a hybrid MPPT method based on
iterative learning control (ILC) and perturb & observe (P&O)
algorithm is proposed. ILC can deal with the periodic variations
to eliminate the steady-state oscillations and errors, when the
operation point is close to the MPP or a small irradiance
variation occurs. In the proposed hybrid MPPT technique, a
high frequency power P&O method without deadtime is used
to improve the dynamic response when the irradiance changes
rapidly. This paper presents the theoretical background of the hy-
brid MPPT algorithm, design, and stability analysis. Simulation
and hardware validation results substantiate the effectiveness of
the proposed method.

Index Terms—Maximum power point tracking (MPPT), itera-
tive learning control (ILC), hybrid energy storage system (HESS),
solar photovoltaic, renewable energy.

I. INTRODUCTION

Solar energy is suitable to be one of the main choices as
a renewable energy source (RES) in the islanded microgrids
to provide power to remote areas [1]. However, the output
power is affected by various environmental conditions. Due
to the lack of support from the main grid, improving the
power quality and stable management of the intermittency are
key aspects of the islanded microgrids. MPPT aims to obtain
the maximum power dynamically based on environmental
conditions. It can be classified into the MPPT methods under
uniform insolation conditions (UICs) and partial shading con-
ditions (PSCs). Under UICs, Hill climbing methods, namely
the perturb & observe (P&O) and incremental conductance
(INC) algorithms are the most popular options, which do not
require accurate PV characteristics [2].

A. Literature Review

P&O and INC methods determine the position of the
operation point relative to the MPP based on the non-linear
characteristics of the solar array, moving it back and forth
to achieve the MPP by injecting a perturbation in the PV
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voltage/current/duty ratio [3]. However, a large step-size would
cause a bigger oscillation around the MPP in the steady-
state, while a small step-size would slow down the dynamic
response. Both these two situations would incur additional
power loss and slower response. Adaptive step-size MPPT
methods are one option to overcome these issues [4]. In this
method, the step-size is variable with the slope of the voltage
vs. power (V-P) curve [5, 6]. In the work [7], the step-size is
variable under different levels of irradiance. Several methods
are proposed to generate the optimal value of the step-size to
improve the MPPT performance in the steady-state and the
dynamic response. These include application of fuzzy logic
[8–11], neural network [12] and support vector machine [13],
in the situation of sudden irradiance change and different
positioning of the operation point. The authors in [14] have
proposed the fuzzy logic control to track the region of the
MPP, followed by application of conventional P&O with a
very small step-size to track the accurate MPP. However, these
methods based on the concept of P&O and INC still have the
following drawbacks.

1) In dynamic response, every decision of changing the
current/voltage/duty ratio should wait for at least one
sample time to compare with the previous values. This
leads to unavoidable deadtime.

2) In steady-state, the actual temperature and irradiance
would always have small variations, causing a constantly
varying MPPT condition in practice [15]. Methods with
small step-size would not be able to track it efficiently.

3) Even though the methods with optimal step-size can
track this small variation around MPP, the P&O and
INC based methods cannot be convergent. Thus, the
steady-state oscillations and steady-state error can not
be eliminated.

Some model-based methods can track the MPP fast and
accurately. The study in [16] obtains the optimal duty ratio
of MPP based on the V-P, V-I curves in different conditions.
Optimal parameters are determined by offline curve fitting
method. However, it requires additional temperature and ir-
radiance meters, which would increase the implementation
cost. Besides, other methods, namely, root-finding [17], line
search [18], MPP estimation [19], [20] are also effective ones
to track the MPP. However, the computational burden for these
methods are relatively large.

For PSCs, the global maximum power tracking (GMPPT)
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methods consist of two-stage methods [21–23] and soft com-
puting methods [24–27]. These methods are used to track
the GMPP amongst the multiple local MPPs. Most of the
methods aim to find the position of the GMPP in dynamic
response, but pay less attention to improve the performance in
the steady-state. Two-stage methods look for the neighbouring
areas of the GMPP firstly, and then track the actual GMPP
by conventional MPPT method in stage two [28]. In order to
retain the MPP in stage two, the conventional P&O with a step-
size of 0.2% is used in [21]. Conventional hill climbing method
is used in [22], which exhibits the steady-state oscillations and
steady-state errors. The soft computing methods [25, 26] set
the threshold in steady-state, which means that the operation
point would not change if the change in power is within the
threshold. Hence, the small fluctuation and inaccuracy in the
MPP determination cannot be avoided.

B. Main Contributions

This paper proposes a hybrid MPPT method based on
iterative learning control (ILC) and high-frequency power
P&O to address all the aforesaid problems. ILC, introduced
by Arimoto, Kawamura, and Miyazaki in 1984 [29], is an
effective control approach to force the output to track the
desired trajectory. It can eliminate the repetitive and periodic
tracking error by remembering the previous control input
signals and errors [30, 31]. In this paper, it is used to track
the MPP with less oscillation, when the operation point is in
the region around MPP. However, ILC does not have good
performance in dynamic response. Hence, a high-frequency
P&O method is used, which would handle the high-frequency
irradiance variation to track the MPP in those situations. The
main contributions of this paper are highlighted as follows.

1) The ILC method which is simple to be implemented
is used to track the MPP to eliminate the steady-state
errors, oscillations, and power loss.

2) The high-frequency P&O method is used to reduce the
dynamic response time without introducing any time
delay.

3) It is proved in this paper that the different slope between
the left and right side of the V-P and the V-I curves
can guarantee convergence of the proposed ILC and
P&O methods. This means that the proposed method
is suitable for any configuration of PV arrays in any
environmental conditions.

4) The simulation results illustrate that the proposed
method has better performance in dynamic and steady-
state compared with other methods.

5) The hardware experimental results validate the proposed
method in different conditions, substantiating its robust
performance.

The remainder of the paper is organised as follows. Section
II introduces the proposed hybrid MPPT method and the
convergence analysis. Stability analysis of the current control
of the DC-DC converter is presented in section III. Section IV
presents the simulation results, demonstrating the comparison
between the proposed and other methods reported in literature.
Section V presents the hardware validation of the proposed

method. Discussion on the results are given in section VI,
followed by conclusions in section VII.

II. HYBRID MPPT METHOD

The hybrid MPPT control scheme is shown in Fig. 1,
where, ipv , vpv are the current and voltage of the PV system,
iref (t), ui+1(k), ip&o(t) are the total current reference, current
reference generated by ILC and P&O respectively:

iref (t) = iref,p&o(t) + un+1(k). (1)

A. P&O scheme for MPPT

In this proposed method, the P&O method part aims to
improve the dynamic response. Fig. 2 shows a dynamic
situation, when the irradiance suddenly increases from 200
to 500 W/m2, the operation point is in the S1 area. High-
frequency P&O method tracks the point E by inserting the
disturbance, which is controlled by the P&O method to track
the area S2 quickly. Subsequently, the ILC method part takes
over to track the MPP.

Fig. 1: The control scheme of hybrid MPPT.

Fig. 2: The five steps in high frequency P&O, when the
irradiance is increasing from 200 to 800 W/m2.

According to the work in [32], the PV model can be
described as:

Ipv = npIph − npIrs
[
exp

(
q

k0T

Vpv
ns

)
− 1

]
, (2)

Ipv and Vpv are the output current and voltage of PV, np
and ns are the number of PV cells connected in parallel and
series, q is the charge of an electron and k0 is the product of
Boltzmann’s constant and the p-n junction factor, Irs is the
cell reverse saturation current. Iph is the photo-current, which
depends on temperature (T ) and irradiance (S):

Iph = [Iscr + ki(T − Tr)]
S

100
, (3)
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where, Iscr is the short-circuit current in the reference tem-
perature (Tr) and irradiance, ki is a coefficient. Thus, the
output power of the PV system (ppv) would rise and fall with
the increase and decrease in the irradiance. To improve the
dynamic response when the irradiance changes suddenly, P&O
method observes the high frequency part of the PV power
fHPF (ppv(t)), providing disturbances to the control signal to
force fHPF (ppv(t)) getting close to 0. This means that the
operation point lies in the S2 area. According to [33], the cut-
off frequency of the high pass filter can be chosen from 5 Hz
to 1 kHz.

The current reference (iref,p&o) generated by the P&O
method, is given as,

iref,p&o = iref,r + iref,f , (4)

where, iref,r and iref,f are the current references when the
fHPF (ppv(t)) are rising and falling, respectively.

iref,r =

{
iref,r + ∆iplus, fHPF (ppv) > 0, (a)
iref,r −∆imin, fHPF (ppv) ≈ 0, (b)

, iref,r ≥ 0.

(5)

iref,f =

{
iref,f −∆iplus, fHPF (ppv) < 0, (a)
iref,f + ∆imin, fHPF (ppv) ≈ 0, (b)

, iref,f ≤ 0.

(6)
The flowchart of the the high frequency power P&O is shown
in Fig. 3. The step-size in dynamic response should be larger
than that in the steady-state.

∆Iplus � ∆Imin. (7)

Thus, when the operation point is in the S1 area, the proposed
P&O method would move to the S2 area by inserting ∆Iplus,
and then, iref,p&o would slowly move close to 0, by inserting
∆Imin.

Fig. 3: Flowchart of the high frequency power P&O.

There are five steps to track the S2 area, as shown in Fig.
2:

Step 1: As the irradiance is increasing, the operation point
moves from A to B. Subsequently, the positive high frequency
power (fHPF (ppv(t)) > 0) conditions occurs, activating the
P&O method.

Step 2: The operation point is moving from B to C. The
power of PV is increasing fast with the rapid rising of iref (t),
which will generate positive high-frequency PV power. Hence,
during the Step 2, iref (t) keeps rising.

Step 3: When the operation reaches the S2 area, the slope
of the V-P curve between point C and the MPP is close to
0. As the ppv(t) changes slowly, fHPF (ppv(t)) starts to fall,
while the iref (t) still increases with same speed.

Step 4: When the operation enters to the left side of the
MPP and reaches the point D, small current rising will cause
power to drop, generating negative high frequency power.
Then, iref (t) would start to fall to back to S2.

Step 5: The operation moves from point E to MPP, which
would generate positive high frequency power. Thus, the
operation would revert back to Step 4. The oscillation of the
fHPF (ppv(t)) during this repetition will be convergent to 0
in S2. Subsequently, the P&O would stop working.

Theorem 1. The oscillation of fHPF (ppv(t)) in Step 5 will
be convergent to zero at S2.

Proof. Assuming that the point E can be located at the position
of point B′ (ppv(B) = ppv(B′)) in Step 4:

∆ppv,B2MPP = −∆ppv,MPP2B′

= −k1 ∗ −k2 ∗∆iref,B2MPP = k3 ∗ k4 ∗∆iref,MPP2B′

k1&2&3&4 > 0,
(8)

where, −k1, −k2 and −k3, k4 are the approximate slopes of
I-V, V-P on the right and left side of MPP. Since the MPP
current lies within 90% of the short-circuit current and the
MPP voltage lies around 80% of open circuit voltage [34],

k3
k1

>
k2
k4
, (9)

we get,
∆iref,BtoMP > ∆iref,MPPtoB′ . (10)

As the step-size ∆iplus is fixed, the power change from
MPP to B′ is more high-frequency in nature. Therefore,

fHPF (∆ppv,B2MPP (t)) < −fHPF (∆ppv,Mpp2B′(t)) .
(11)

This shows that the fHPF (ppv(t)) would be negative before
the operation point reaches point B′. Therefore, point E should
be located at the right side of point B′ in Step 4. Similarly,
assuming that the operation point can be located at the position
of point E′ (ppv(e) = ppv(E′)) in Step 5:

∆iref,MPPtoE′ > ∆iref,EtoMPP

−fHPF (∆ppv,MPPtoE′(t)) < fHPF (∆ppv,EtoMPP(t))
fHPF (∆ppv,EtoE′(t)) > 0.

(12)
Hence, the operation point should be located at the left side

of point E′ in Step 5. Therefore, the operation point will be
convergent to MPP, with the repetition of Step 4 and Step 5.
Once it enters in the S2 area, the change of ppv becomes lower.
Hence, fHPF (ppv(t)) is close to zero, and stops working.

For decreasing irradiance case, there would be also 5 steps
to let the P&O method find path to the S2 area. Theorem 1
can guarantee the operation point to be convergent in the S2
area. Hence, the boundary between S1 and S2 can be divided
by fHPF (ppv(t)):{

S1 : |HPF (ppv(t))| > 0
S2 : fHPF (ppv(t)) ≈ 0.

(13)

B. ILC scheme for MPPT

A little change of irradiance or temperature leads to a new
MPP, point E, within area S2, which would cause unwanted
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oscillation. The proposed ILC method, which can reduce
the repetitive and periodic tracking error by memorising the
previous control input signals and errors, can be used to control
the operation point to be the MPP, after finite iteration in the
S2 area. ILC should meet 6 postulates [35]:

A1) The duration of every trial ends in a fixed time t ∈
(0, T ].

A2) The desired output is given.

A3) The system state in each iteration should be same as
the initial state.

A4) The system dynamics is invariant through the iterations.

A5) Every output can be used to generate the input in the
next iteration.

A6) Every output has a unique input for the given desired
output.

For A3), the state variables are:[
x1
x2

]
=

[
ipv
vo

]
, (14)

where v
o

can be controlled as a constant by controlling the
charging/discharging behaviours of the energy storage system
in the PV microgrid.

In S2 area, ipv changes within a small range. So, the system
satisfies the postulate A3)′, which replaces A3) [35]. The
system starts within an error level ε > 0 of the initial system
state,

‖xn(0)− x0‖ ≤ ε, n = 1, 2, 3 · · · . (15)

The control scheme of the ILC is shown in Fig. 1, en(t) =
dppv(t)/dvpv(t) is the error signal, and n is the number of
iteration. The control signal un(k) can be found iteratively
by ILC in order that the output of the system is equal to
the desired output (i.e., en(t) = dppv(t)/dvpv(t) = 0). The
control mechanism is given as,

un+1(z) = un(z) + Φ(z) ∗ en(z). (16)

Φ(z) is the transfer function of the learning algorithm, which
can be categorized into P-type, D-type and PD-type [30, 31].
In this paper, P-type ILC is used, so that Φ(z) = −K, where
K is a positive constant. To achieve the stable operation, the
error should be convergent [36]:

un+1(k) = un(k)−K ∗ en(k), (17)

lim
n→+∞

en+1(k) = 0. (18)

Theorem 2. There are some positive values of K, which can
make the ILC convergent.

Proof. Following eqs. (17) and (18), the error signal and the
input signal un+1(k) will move forward to the MPP, making
the error close to zero. However, the overshoot leads to the
system oscillation, causing the non-convergence. Thus, the
mathematical limit of the ILC, when the operation point is
on the left is given as,

lim
i→+∞

un+1(k) ≥ IMPP , en(k) ≥ 0. (19)

Using eq. (17), the gain K should be:

K ≤ un(k)− IMPP

en(k)
> 0, en(k) ≥ 0. (20)

Taking vpv as the independent variable, we get the following
relationships.

un = iPV = f1(vpv),
ppv = f2(vpv),
en = dppv/dvpv = f2(vpv)′.

(21)

Therefore, the right hand side of eq. (20) can be written as:

un(k)− IMPP

en(k)
=
f1(vpv)− IMPP

f2(vpv)′
= f3(vpv). (22)

The differentiation of f3(vpv) is:

f3(vpv)′ = [f1(vpv)− IMPP ]′f2(vpv)′−1

+[f1(npv)− IMPP ][f2(vpv)′−1]′,
0 < vpv ≤ Vmpp,

(23)

where,
[f1(vpv)− IMPP ][f2(vpv)′−1]′

= [f1(vpv)− IMPP ]︸ ︷︷ ︸
positive

∗[− f2(vpv)′
−2︸ ︷︷ ︸

Positive

f2(vpv)′′︸ ︷︷ ︸
Negative

],

0 < vpv ≤ VMPPT ,

(24)

As en is always positive when the operation is on the left
side of MPP, so f2(vpv)′ is positive. en = dPpv/dvpv is a
decreasing function when the operation is on the left side
of MPP. Hence, f2(vpv)′′ is positive. Therefore, eq. (24) is
positive.

According to eq. (24), f3(vpv)′ is positive, which means
that f3(vpv) is an increasing function in the range of left side
of MPP. According to L’Hospital’s rule:

f3(vpv)′ > 0, lim
vpv→VMPP

f3(vpv) = f1(VMPP )′

f2(VMPP )′′ > 0,

0 < vpv ≤ VMPP .
(25)

Eq. (25) shows that f3(vpv) has the positive minimum value
KMIN1 within the range of (0,VMPP ]. Similarly, when the
operation point is on the right of MPP, the mathematical limit
is given as:

lim
n→+∞

un+1(k) ≤ IMPP , en(k) ≤ 0. (26)

K ≤ IMPP − un(k)

|en(k)|
> 0, en(k) ≤ 0. (27)

It can be proven that the right side of eq. (27) has the
minimum value KMIN2 within the range of (0, IMPP,]. So,
there are some existing positive values of K, which can satisfy
both eqs. (20) and (27) to achieve the stable operation. Also,
the value min[KMIN1,KMIN2] is the optimal value of K,
that can reduce the number of iteration.

III. STABILITY ANALYSIS

A boost converter is connected with PV to match the
ipv with iref under the control of the current control loop
to achieve MPP. Thevenin equivalent circuit of the boost
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converter for PV is shown in Fig. 4. From Fig. 4, we can
get the following relationships,

ipv(t) = Ipv + îpv(t)

d(t) = D + d̂(t)
vo(t) = Vo + v̂o(t).

(28)

The equivalent voltage source in Fig. 4 is:

Fig. 4: Thevenin equivalent circuit of the PV boost converter.

Veq = d̂(s)

(
Vo

1−D
+ Ipv

R

1 +RCs

)
. (29)

So, the transfer function between the PV current and the
duty ratio can be determined as:

Gipvd(s) =

[
îpv(s)

d̂(s)

]
v̂SC(s)=0

= Veq

[
sLpv

(1−D)2
+R ‖ 1

sC

]−1
=

[
2Vo

(1−D)R + VoCs
1−D

][
1 +

sLpv

R(1−D)2
+ s2

LpvC

(1−D)2

]−1
.

(30)
PI controller is used to control the current. The open-loop

transfer function of the current control is:

Golpv(s) = Gpi(s)Gipvd(s)Hpv(s). (31)

Gpi(s) is the transfer function of the PI controller:

Gpi(s) = KP +KI
1

s
. (32)

The parameters can be tuned by the MATLAB SISO tools,
which provide the values of KP and KI as 0.33 and 1138
respectively. The phase margin is 60◦ at 6.12e+03 rad/s. The
Bode plot of the open-loop transfer function Golpv(s) is shown
in Fig. 5.

Fig. 5: Bode plot of the open loop transfer function of the
current control loop.

IV. SIMULATION RESULT

A. Parameters Selection

The parameters are selected based on the V-P curve of the
PV system. It is proven in section II.B that there is a set of
positive value of learning gain K exists, which can make the
ILC convergent. Because the absolute value of V-P slope on

the right side is larger than that on the left side, and absolute
value of V-P slope is increasing with the rise of irradiance.
Therefore, the value of learning gain is chosen to make ILC
convergent on the right side of MPP at the irradiance of 1000
W/m2:

∆un = un+1 − un <
1

2

(
IMPP@1000W/m2 − IC@1000W/m2

)
,

(33)
where, IMPP@1000W/m2 is the PV current on the MPP at 1000
W/m2, IC@1000W/m2 is the current on the point C at W/m2,
point C is the right boundary of S2 area, which is shown in
Fig. 2. In this simulation system, the maximum absolute value
of V-P slope on the right side is 41.769, the right side of eq.
(33) is around 1A, so the K is chosen as 0.02, which gives:

0.02 ∗ 41.769 < 1. (34)

The set time of high-frequency PV power is the set time of
Step 2 and Step 3:

Tstep2&3 =
|IMPP − ipv(t0)| ∗ ts

∆iplus
, (35)

where, IMPP is the PV current on the MPP under the
current environmental conditions, ipv(t0) is the initial PV
current, ts is the system sample time, which is 1e-5s in this
simulation system. Even though the set time of Steps 2 &
3 will be less with the larger value of ∆iplus, larger ∆iplus
would cause the oscillations in Steps 4 & 5 to start far away
from S2. This would reduce the oscillations during Steps 4 &
5. In S1 area, ∆iplus should be:

∆iplus < |∆un|@s1. (36)

|∆un|@s1 is the change of ILC output in S1 area. Minimal
|∆un|@s1 is chosen when the operation point is on the left
side of MPP at 100 W/m2, where, the V-P slope is 0.919, so
the iplus is chosen as:

∆iplus = 0.004 < 0.919 ∗ 0.02. (37)

The comparison between the proposed and the conventional
adaptive P&O (CA) method is done in the simulation system.
The system parameters used for simulation are given in Table
I.

TABLE I: System Parameters

Parameter Value
DC bus (VO) 48 V
PV array Voc = 21.6V , Isc = 4.78A
PV construction np = 2, ns = 1
Capacitance 500 µF
Inductance 3 mH
Kp 0.33
Ki 1138
Step-size 4e-3
∆Iplus 4e-3A
∆Imin 4e-5A
LearningGain 0.02
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B. Dynamic response performance: Comparison between the
proposed and conventional adaptive P&O method

Fig. 6 shows the dynamic responses of the proposed method
and the CA, under changing irradiance. At 2.5s, the irradiance
suddenly increases from 200 to 500 W/m2. Fig. 6(a) shows
that the proposed method and the CA require 50ms and
300ms respectively to track the MPP. The oscillations in the
steps 4 & 5 occur around the MPP.

Fig. 6(b) shows the current reference generated by these two
methods. The overshoot of iref occurs in steps 3 & 4. Then
the operation point enters the S2 area after finite repetition of
steps 4 & 5. Zooming in the curves at 2.5s, it can be seen that
the deadtime of the proposed method is 0s but there is 8 ms
deadtime under the control of CA.

Fig. 7(a) shows that fHPF (ppv(t)) is positive at 2.5s
without any time delay. This makes the response of the
proposed method very rapid with fast changing irradiance.
iref,r = iref,r + ∆Iplus, iref,f is equal to 0 at steps 1, 2 &
3, as shown in Fig. 7(b). At step 4, iref,f starts to fall due to
the negative fHPF (ppv(t)), and oscillations of fHPF (ppv(t))
in steps 4 & 5 are convergent to 0, entering the S2 area. ILC
would then find the MPP with small steady-state error.

Fig. 8 shows the dynamic responses of the proposed method
and the CA, when the irradiance is increasing from 200
to 1000 W/m2. The times required to track the MPP are
60ms and 500ms respectively. The power oscillations of
fHPF (ppv(t)) are around MPP, and convergent to 0, as shown
in Fig. 9.

(a) (b)

Fig. 6: The comparison of simulation results between proposed
method and CA: Irradiance is increasing from 200 to 500
W/m2, (a) Comparison of PV power, (b) Comparison of
current reference.
C. Long-term performance

The real hourly irradiance data from Palmerston North, New
Zealand on January 1st, 2019 [37] is used for the long-term
performance test. The simulation results during the daytime are
shown in Fig. 10. The current reference of the proposed and
the CA method is shown in Fig, 11. Although the step-size of
the CA is small and current reference of CA is more stable due
to the slow change of irradiance, the output PV power of CA
has more fluctuations and steady-state errors. The proposed
ILC can handle this variation easily, being convergent to MPP.
Therefore, comparing with the CA, for the PV system used in
the simulation, it can be concluded that the proposed method
can save energy around 3.9× 104J .

(a) (b)

Fig. 7: The simulation results: Irradiance is increasing from
200 to 500 W/m2, (a) The high frequency power and average
power of PV (b) Performance of iref,r and iref,f .

(a) (b)

Fig. 8: The comparison of simulation results between proposed
method and CA: Irradiance is increasing from 200 to 1000
W/m2, (a) Comparison of PV power, (b) Comparison of
current reference.

D. Comparison with Other Methods

Table II shows the comparison of the simulation results and
hardware & software complexity under UICs between CA,
hybrid fuzzy logic and P&O method (FLPO) [14], Monod
equation method (ME) [16], variable step-size P&O method
(VA) [7], fuzzy logic adaptive step-size (FA) [9], dual scale
adaptive step-size (DA) [5], neural network adaptive step-size
(NNA) [12], and the proposed method.

The response time comparison in column 4 of Table II for
the proposed method has been calculated with reference to the
CA method in row 1. The response times for other methods
in column 4 are given from the reported results, where those
are compared with conventional P&O. Though some of these
results have been obtained under different power level and
irradiance change conditions, the comparison provides a sound
quantitative analysis, rather than just qualitative comparison.
It can be observed that the proposed method has less response
time, better performance in steady-state with simple hardware
and software implementation requirements.

Since some references show the mean value and others show
the real value in the results, it is difficult to compare the steady-
state oscillations by quantitative measure. The work in [16] can
achieve the MPP by detecting the tiny environmental condition
change. The works in [7, 9, 12] can make the step-size variable
around MPP. Hence, the steady-state oscillations in these
methods are relative “low”. CA and the methods [5, 14] are
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(a) (b)

Fig. 9: The simulation results: Irradiance is increasing from
200 to 1000 W/m2, (a) The high frequency power and average
power of PV, (b) The performance of iref,r and iref,f .

Fig. 10: The simulation results: Long-term performance
during daytime, the irradiance, PV power and total energy
generated.

not sensitive to the small change of environmental condition.
Therefore, the steady-state oscillations in these methods are
relative “moderate”. Following the analysis in section IV.B,
the proposed ILC method keeps working to reduce the os-
cillations around MPP, so the steady-state oscillations in the
proposed method is relatively “low”. The accuracy comparison
in column 6 is of Table II for reference [16] and the proposed
method is the improvement of the output power in steady-state,
compared to the conventional P&O.

Table III summaries the comparison of the steady-state
performance in PSCs between PSO [25], two-stage methods,
which are using 0.2% step-size P&O (0.2%S) [21] and INC
[22], spline model guided method (SMG) [26] and the pro-
posed ILC method. It can be seen that the proposed ILC
method can track the MPP more accurately by converging to
MPP.

V. EXPERIMENTAL RESULTS

Fig. 12(a) shows the islanded PV microgrids in the lab-
oratory hardware prototype, which is built to test the pro-
posed control strategy. The dSPACE 1202 is used as the
control platform. The hybrid energy storage system (HESS),
consisting of a battery and supercapacitor (SC), is used to
maintain the constant output voltage of the load. The fast

Fig. 11: The comparison of the current reference of proposed
method and CA during the long-term test.

(a)

(b)

Fig. 12: (a) Experimental setup, (b) Mechanisms to change
the irradiance.

dynamic response of the proposed method would generate
high frequency power, when the irradiance changes rapidly.
SC, which has high power density, is used to handle the
fast transient charging/discharging current to keep the output
voltage stable, reducing the stress on the battery.

There are two ways to change the irradiance, which can be
seen in Fig. 12(b). First method is by controlling the variac
of the lamp to change the irradiance continuously, mimicking
the ‘sun’ behaviour. Second method is by using the shelter to
cover the lamp, which can change the irradiance suddenly and
largely, mimicking the ‘cloud’ behaviour. The parameter of the
DC microgrid is shown in Table IV. The DC bus voltage in
this microgrid is 24V, which is chosen as per lab safety.

A. Hardware Performance: Under Slowly Changing Irradi-
ance

The results of PV power, PV voltage and total current
reference iref , current reference from P&O iref,P&O, ILC
output un, and high-frequency part of PV power are shown
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TABLE II: Comparison of dynamic and steady-state performances of different methods under UICs

Method Dynamic Response Steady-state Hardware complexity Tuning parameters
Activation speed

Response time (ms) under
changing irradiance (w/m2)

Comparison of Response time
with P&O (in %) Steady-state oscillations

Accuracy
Difference with P&O

CA
Moderate:

Need to calculate the power/current/voltage
change after at least 1 sample time

Irr: 200–1000 w/m2 ∆ppv=126W
500ms 100% Moderate

0% @ 1000 w/m2:
Cannot be

convergent to MPP

Simple:
Only need current /voltage

as the input and calculate the power
Not required

FLPO [14]
Moderate:

Need to calculate the weight
coefficient after 3 sample time

Irr: 600–800 w/m2, ∆ppv=50W
100ms 20% Moderate

None:
Cannot be

convergent to MPP

The high-cost controller
is required

Membership function
and fuzzy rules need

to be tuned well

ME [16]
Fast:

Can be activated when the irradiance
changes

Irr: 0–800 w/m2, ∆ppv=138.5W
100ms Not reported Low 1.19% @ 1000 w/m2 It requires additional temperature

and irradiance meters

Parameters were
determined by curve

fitting offline

VA [7]
Fast:

Can be activated when the irradiance changes
Irr: 400–800 w/m2, ∆ppv=152.1W

100ms 53% Low
None:

Cannot be
convergent to MPP

It requires additional irradiance meter
The proportionality

constant should be tuned

FA [9]
Moderate:

Need to calculate the power/current/voltage
change after at least 1 sample time

Irr: 200–600 w/m2, ∆ppv=25W
100ms 66.70% Low

None:
Cannot be

convergent to MPP
The high-cost controller is required

Membership function
and fuzzy rules need to

be tuned well

DA [5]
Moderate:

Need to calculate the power/current/voltage
change after at least 1 sample time

Irr: 700–1000 w/m2, ∆ppv=29W
200ms 50% Moderate

None:
Cannot be

convergent to MPP

Simple:
Only need current /voltage as the

input and calculate the power
Not required

NNA [12]
Moderate:

Need to calculate the power/current/voltage
change after at least 1 sample time

Irr: 0–600 w/m2, ∆ppv=36W
43ms Not reported Low

None:
Cannot be

convergent to MPP

The high-cost controller is
required

NN parameters
need to be

trained offline

Proposed Fast:
Can be activated when the irradiance changes

Irr: 200–1000 w/m2, ∆ppv=126W
60ms 12% Low

3.89% @ 1000 w/m2

Can be
convergent to MPP

Simple:
Only need current /voltage as the

input and calculate the power

The learning coefficient
should be designed in

different panel
construction

TABLE III: Comparison of the steady-state performances of different methods under PSCs

Method Accuracy Steady-state oscillations Hardware complexity

MPSO [25] Cannot be convergent to MPP within the threshold
Low:

The oscillations within the threshold
cannot be eliminated

The high-cost processor is required in
PSO to update swam at each iteration

0.2%S [21] Cannot be convergent to MPP
Moderate:

It cannot track the small environmental
condition changes well

Simple, only measure voltage/current
signals and calculate the power

INC [22] Cannot be convergent to MPP
High:

The step-size is still large
around MPP

Simple, only measure voltage/current
signals and calculate resistance

SMG [26] Cannot be convergent to MPP within the threshold
Low:

The oscillations within the threshold
cannot be eliminated

The process of learning and searching
requires the high-cost processor

ILC Can be convergent to MPP
Low:

It can reduce every oscillation
to zero

Simple, only measure voltage/current
signals and calculate the power

TABLE IV: Hardware Parameters

Subsystem Specifications
PV array Voc = 20.5V , Isc = 3.55A
Battery DiaMec Lead-acid

12V, 18Ah
Super Capacitor Maxwell

BMOD0058 E016 B02 58F
DC-DC converters Capacitors : 500 µF

Inductors : 3 mH

in Fig. 13. At t1, the irradiance reduces a little by operating
the variac of the lamp. Due to the I-P characteristic of the PV
source, the high-frequency component of the power appears.
P&O method detects this droop, and generates a negative
current reference to help iref track the current on MPP
fast. When the high-frequency part of PV power equals 0,
which means the operation point is in the S2 area, the P&O
current reference slowly gets back to 0. During this time, un
keeps changing to handle the steady-state errors to force the
operation point to remain close to the MPP. At t2, as the
irradiance increases slowly, the high-frequency PV power stays
at 0. Thus, only ILC works to track the MPP.

The five steps at t1 is shown in Fig. 18. The oscillation of
fHPF (ppv(t)) will be convergent to 0, which means that the
operation point has already entered in S2.

Fig.15 shows that the steady-state error is eliminated by
ILC. All of the steady-state errors can be eliminated within 10
iteration times. With a sampling time of 0.012s, the deadtime
is caused by the processing of calculating dppv(t)/dvpv(t).
After 4 iteration times of ILC, the steady-state is convergent
to 0. The output of ILC un changes slightly to track the small
variations in the actual temperature and irradiance.

The performance under random irradiance can be seen in
Fig. 16. When the irradiance decreases, the initial current is
close to the PV short-circuit current, which makes the high-
frequency power drop. Hence, the P&O method will generate
a negative current reference to improve the dynamic response.
When the irradiance increases slowly, the operation point
remains always in the S2 area. Thus, only ILC works, and
it can track the variation in irradiance.

B. Hardware Performance: Under Rapidly Changing Irradi-
ance

In this section, the performance during sudden change
in irradiance will be presented. The following sequence is
mimicked. At t3, the ‘sun’ is covered by the ‘cloud’, thus
brightness is suddenly followed by darkness. At t4, as the
‘cloud’ drifts away, the irradiance returns to the maximum.

The performance of the proposed MPPT method is shown
in Fig. 17. At t3, the high-frequency component of the PV
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Fig. 13: Experimental results when the irradiance is chang-
ing slowly: PV power, PV voltage, iref , iref,P&O, un,
fHPF (ppv(t)), and output voltage.

Fig. 14: Experimental results when the irradiance is changing
slowly: The five steps at t1 when the irradiance is decreasing.

power appears with the sudden change in irradiance. P&O
method generates a negative current reference to move the
operation point from S1 to S2 area. In S2 area (high-frequency
component of PV power equal to 0), ILC controls the operation
point, dealing with the steady-state error. iref,P&O starts to
slowly get back to 0.

Before Iref,P&O equals to 0, at t4, the irradiance increases,
and the operation point gets back to S1 area. Iref,r = Iref,r +
∆Iplus, which can move the operation point to S2 area. After

Fig. 15: Experimental results when the irradiance is changing
slowly: ILC performance in steady-state, steady state errors
and iteration numbers

Fig. 16: Experimental results under random irradiance.

that, Iref,r = Iref,r − ∆Imin. Iref will be a constant for a
while until Iref,f = 0. In this period, the dynamic performance
does not get affected, as ∆Iplus � ∆Imin.

The five steps at t4 is shown in Fig. 18. The oscillation
of fHPF (ppv(t)), occurring during repetition of steps 4 & 5,
will be convergent to 0.

The currents of battery, SC, and the output voltage of the
microgrid are shown in Fig. 19, at t3 and t4. To regulate the
output voltage to meet A3)′ mentioned in section II.B, the
current of HESS should be controlled to balance the power.
The SC can handle the high-frequency component of the power
of HESS, while the battery provides the average power.

VI. DISCUSSION

The following comments are cited on the results.
1) The reasons behind testing the proposed method in the

islanded microgrid are primarily the hardware test set-
up, which is chosen as per lab safety. Nonetheless, the
proposed MPPT method is suitable for both islanded and
grid-connected microgrids.

2) Different configuration of PV do not affect the con-
vergence and the parameters selections of the proposed
method, while more PV modules connected in parallel
would increase the dynamic response time.
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Fig. 17: Experimental results when the irradiance is chang-
ing rapidly: PV power, PV voltage, iref , iref,P&O, un,
fHPF (ppv(t)), and output voltage.

Fig. 18: Experimental results when the irradiance is changing
rapidly: The five steps at t4 when the irradiance is increasing.

3) The proposed method and GMPPT methods can be used
cooperatively. Under UICs, the proposed method can
track the MPP fast and accurately, with reduced compu-
tational burden. Under PSCs, the proposed method can
be used in the second stage in two-stage methods. It can
handle the steady-state errors and oscillations within the
power change threshold in software computing methods.

VII. CONCLUSIONS

This paper proposes a hybrid MPPT method based on ILC
and P&O algorithm. High frequency P&O have no deadtime
in dynamic response. Comparing with conventional MPPT
method, the operation point can be convergent to MPP in
steady-state under the control of ILC. Thus, the proposed
method can track the MPP faster and generate more stable and
accurate PV power. The proposed method has been validated
using simulation as well as experimental results. Comparing

Fig. 19: Experimental results when the irradiance is changing
rapidly: The battery, DC current and the output voltage.

with the conventional MPPT method, the results demonstrate
that the proposed method only take 12% of dynamic response
time to track MPP. It incurs low steady-state oscillation,
with 3.89% improvement of accuracy. The convergence of
high frequency power P&O and ILC is guaranteed by the
characteristic of I-V, V-P curves of PV array. Hence, this
method is suitable for any configuration of PV array under
any irradiance condition.
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