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Abstract — To increase the tracking speed of the
photovoltaic system (PV) for dynamic efficiency enhancement,
a Maximum-Power—Point-Tracking (MPPT) method based on
the P-V?2 curve is proposed. In contrast to the traditional design
of MPPTs, it is demonstrated that the sampling frequency of
MPPT can be increased to achieve an even faster dynamic than
the settling time of the dc-voltage control loop as long as the
closed-loop MPPT is still stable. Response time of the proposed
P-V? based MPPT can be designed with a much faster dynamic
than the conventional MPPT methods while its stability is
guaranteed because i) adopting the squared PV voltage makes
the dc-voltage control loop linear, and ii) the whole MPPT
system conforms to the Lure’s systems whose stability can be
rigorously analyzed to obtain design guidelines for stable
MPPT. Theoretical results are verified by simulation on
Matlab/Simulink.

Keywords—Maximum power point tracking,
response, P-V? curve, Lure’s system, stability analysis.

dynamic

I. INTRODUCTION

To maximize the energy harvesting from photovoltaic
(PV) systems, maximum power point tracking (MPPT) is
required [1]-[11]. Various MPPT algorithms proposed in the
literature [1]-[2] use either the heuristic Perturb and Observer
(P&O) searching algorithm or the feedback control
configuration to attain the MPP condition [9]-[10]. So far, the
P&O algorithm is more widely used than the feedback control
approach since it offers simpler implementation in discrete-
time domain and also due to the fact that the design of the
feedback controller has not been systematically analyzed.

Based on the P-V curve in Fig. 1(a), two popular MPPT
methods are the so-called P&O method and the Incremental
Conductance (INC) method [3]-[8]. The two MPPT methods
deploy basically the perturb and observe mechanism to track
the MPP operating point. For a single-stage PV inverter
shown in Fig. 2, the sampling time 7§ of the MPPT must in
general be set longer than the settling time of PV panel
voltage or dc-link voltage control loop because the P&O
algorithm must wait until the dc-link voltage control reaches
the steady state before updating the voltage reference. The
tracking speed of the MPPT is thus limited by the dc-link
voltage control loop dynamic and may result in a deteriorated
dynamic MPPT efficiency. In fact, it is possible to increase
the tracking speed by sampling faster than the settling time of
the dc-link voltage loop as shown as an example in Fig. 2 (the
green line), but unstable MPPT can occur if the sampling rate
is too fast (the blue line). The main obstacle which prevents
the use of fast sampling rate is lack of stability analysis of the
whole MPPT system.

On the other hand, the MPPT based on feedback control
adjusts the PV panel voltage V), [9]-[10] through a PI
controller. As such, the PV panel voltage is adjusted with a
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variable step size and oscillation around the MPP is
alleviated. However, considering the non-linearity of the dc-
link voltage control together with the MPPT based on
feedback control, the closed-loop MPPT system becomes
highly nonlinear and difficult to be analyzed or designed.

This paper aims to achieve fast MPPT dynamic with
guaranteed stability by (i) introducing a new MPPT based on
the characteristic curve between the power and the square of
the PV panel voltage (P-V? curve) shown in Fig. 1(b) and (ii)
deriving design guidelines from rigorous stability analysis of
the closed-loop MPPT. The proposed MPPT algorithm and
its theoretical analysis will be verified by simulation.
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Fig. 1. PV panel characteristics: (a) P-V curve. (b) P-V? curve.
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Fig. 2. Stability of P&O algorithm under various sampling rates when the
settling time of the dc-link voltage control is about 100 ms.

II. LINEAR DC-LINK VOLTAGE CONTROL AND MPPT WITH
SQUARED VOLTAGE AS A CONTROL VARIABLE

To allow rigorous stability analysis, first the nonlinearity
due to the dc-link voltage control in the MPPT control loop
as shown in Fig. 2 must first be removed. This is achieved by
adopting the squared dc-link voltage as the controlled
variable instead of the dc-link voltage itself, as explained in
the following.

From the equivalent circuit in Fig. 2, dynamic equation of
the capacitor voltage V. which is equal to ¥}, is given by (1).

cadv,
Ed_; = va - Pim’ (1)



where C is the capacitance of the dc-link capacitor. Here, Py,
denotes the input power of the inverter which acts as the
control input for the system, while the PV panel power P,, is
considered as an external disturbance.

Considering the dc-link voltage control, at present there
are mainly two available configurations [14]. The first one is
based on the control of the PV panel voltage V. directly as
shown in Fig. 3(a). The main drawback of this configuration
is that the closed-loop dc-link voltage control system is
nonlinear.

To avoid this non-linearity, in this paper the squared dc-
link voltage J7; is chosen as the control variable to make the

voltage control loop linear as shown in Fig. 3(b).
Consequently, since the dc-link voltage command is
determined from the MPPT, it is desirable also that the MPPT

should adopt the squared panel y;, or de-link voltage J? as

the search or adjusted variable instead of the PV panel voltage
Vpv. This naturally guides us to consider an alternative MPPT
algorithm based on the P-V? characteristic of the PV panel
rather than the P-V one as usually done. The overall MPPT
system becomes as shown in Fig. 3(b), wherein the squared
panel-voltage command 2, generated from the P-V2 curve

based MPPT is chosen as the set point for the dc-link voltage
control loop. The linearity of the dc-link voltage control
together with the proposed MPPT allow us to investigate the
stability of the whole MPPT system based on the y7,

variable as discussed in the sequel.
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Fig. 3. DC-link voltage control. (a) V,, as a command. (b) V;‘, as acommand.

III. THE NEW P-V2 CURVE BASED MPPT AND COMPARISON
WITH CONVENTIONAL P-V CURVE BASED MPPT

A. P-V Curve-Based P&O Method

For the P-V curve-based P&O method, the condition for
MPP is given in (2).

Py

ar 0. )
The derivative function D(V),) is shown as a graph of the PV
panel voltage V,, in Fig. 4 (the solid line). The MPPT
algorithm attains the MPP by searching for the zero-crossing
point of the D(V),) curve through the P&O algorithm. The
dynamic behavior of the P&O based MPPT method is thus

governed by the characteristic curve D(V},) of the PV panel.

dP
D, )=—""

B. Incremental Conductance Method

I 2% _ 2% )
m_y) P-V2 Curve Vp‘, = Vdc 2 - = .= Vw
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According to the INC method, the MPP condition (2) of
the P-V curve is manipulated to obtain the condition (3).

1,

di

+—=0 3)
o dv,

Similar to the P&O method, the INC method attains the MPP
by searching for the zero-crossing point of the curve C( V)
shown in Fig. 4 as a dashed line. Dynamic behavior of the
INC MPPT method is determined by the characteristic curve
C(V}v), which is clearly different from the curve D(V),) of the
P&O method. Although the signs of C(V},) and D(V},) with
respect to the PV panel voltage around the MPP are the same,
dynamic behaviors become different when both the
magnitude and sign of C(V,,) or D(V,,) are used in the
searching algorithm, as in the MPPT based on feedback
control or the MPPT with variable step-size [8].

C. The Proposed P-V? Curve-Based MPPT

In the proposed MPPT method, instead of the P-V curve,
the P-V? curve shown in Fig. 1 (b) is considered. From this

cv,)=

A D(Vp)=dPp/dV,,

: Y
A

N )=t/ Vytdl,/dv,

8V p)=dPp/dV,,

Fig. 4. Characteristic curves of the P&O, the INC, and the proposed methods.
D(V,,): solid line, C(V,,): dashed line, and g(¥,,): dotted line.

P-V? curve, an alternative definition of instantaneous
conductance G can be defined as shown in (4).

G=P,IV,. 4)

pv
Also, the dynamic conductance g can be defined from the
slope of the tangent to the P-V? curve as

P 6))
SCar
It can be seen from the P-V? curve in Fig. 1 (b) that at the
MPP (V,,=Vurp) the so-defined dynamic conductance g must
be zero, i.e.,

g(V[w) =0 at Vo =Vier - (6)

The concept of the P-V? curve based MPPT is simply to
search for the operating voltage under which the dynamic
conductance g becomes zero. For comparison, the dynamic
conductance g which characterizes the dynamic behavior of
the proposed MPPT is plotted as a function of the PV panel
voltage V. (the dotted line) in Fig. 4.

D. Equivalence between the INC method and the P-V? curve-
based MPPT method

Equivalence between the P-V? curve based MPPT and the
INC method is proven as follows. From (5) and (3), the
following relationship can be derived.

dp, dP,/dV dP
St pz\/ o 1 v :lC(VpV)- (7)
vy —dv:/av, 2v,dv, 2

pv pv

g,

The relation (7) reveals that except for the coefficient )%,
the curve C(V,) represents essentially the dynamic



conductance g defined from the P-V? curve. Even though the
INC method is originally derived from the P-V curve, it is
more appropriate to conclude from Fig. 4 and (7) that the INC
method is in fact characterized by the P-V? curve not the P-V
curve as usually understood. Comparison of the three MPPT
algorithms is summarized in TABLE 1.

The proposed P-V? curve based MPPT gives the same
static and dynamic behavior as that of the INC method, but
with simpler searching condition (6) compared to (3). The
major difference between the INC and the proposed MPPT is
the adopted search or control variable. Since the proposed
MPPT algorithm searches for the MPP by varying the
squared voltage V> , hereafter the dynamic conductance g in

(5) and the MPP condition in (6) will be expressed as
functions of the squared voltage (7;,) as shown in (8) and
(9). The dynamic behavior of the P-V? curve based MPPT

under various irradiation conditions can be investigated by
using the characteristic curves redrawn in Fig. 5.

: ., _4b,
Dynamic conductance: gV,)=—7. ®)
av,
MPP condition: gWy)=0 atV) =Vi,. (9

100W/m> 1000W/m*

2
Ve

Fig. 5. Dynamic conductance g as a function of /2,, under various irradiation
levels.

TABLE L COMPARISON AMONG THREE MPPT METHODS
Methods Error signal Search Condition
g variable at MPP

P&O D(va) = dev / dev v, D(va) =0
Slope of P-V curve

INC C(va) = ]pv / va +dlpv / dV[w v, C(va) =0
Slope of P-V? curve (x2)

Proposed g(szv) =dP,/d V;V 12 g(V;v) =0

Method Slope of P-V? curve m

IV. STABILITY ANALYSIS OF THE P-V? CURVE BASED MPPT

A. P-V? curve based MPPT using P&O algorithm

The P-V? curve-based MPPT method can use any
extremum-seeking algorithm to search for the MPP. First, the
perturb and observe algorithm shown in Fig. 6 is considered,
by which the squared voltage J2, is perturbed with a step size

Ay, and the change in P, is observed. The dynamic
conductance g in (8) is subsequently evaluated, and only its
sign is used to update the squared voltage command 777 . This

procedure is simpler than the equivalent INC method. The
corresponding closed-loop block diagram of the INC method
can be derived as depicted in Fig. 7, where Guc(s) is the
transfer functions of the dc-link voltage control loop. As can

be seen from Fig. 7, both the feedforward and feedback parts
contain nonlinear elements make analysis difficult.

B. P-V? curve based MPPT using feedback control

The P-V? curve-based MPPT can also be implemented in
a feedback control manner as shown in Fig. 8. In this scheme,
the MPPT part (blue box in Fig. 8) is usually the PI controller.
This scheme allows continuous tracking of the MPP without
having to wait for the settling of the dc-link voltage control.
The tracking speed is expected to improve as compared to the
P&O algorithm. However, the non-linearity of the feedback
path in Fig. 8 still obscures further stability analysis.

For comparison, block diagram of the conventional INC
method is shown in Fig. 9. It is noted that all the three blocks
are nonlinear, and the reference signal 1,,/V,y is time-varying
and depends on Vg as well. Therefore, the stability analysis
is much more complicated as compared to those of Figs. 7

and 8.
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Fig. 6. The P-V? curve-based MPPT using P&O algorithm.
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Fig. 7. Block diagram of the P-V? curve-based MPPT using P&O algorithm.
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Fig. 9. Block diagram of the conventional INC method.



C. Stability analysis of the P-V? curve based MPPT

Although the closed-loop MPPT systems shown in Figs. 7
and 8 contains a non-linear element, it appears only in the
feedback path owing to the linearity of the dc-link voltage
control. Furthermore, it can be seen from Fig. 5 that the non-
linear feedback path corresponds to the dynamic conductance
function g which satisfies a sector-bounded condition around
its MPP. As such, the closed-loop structure of Figs. 7 and 8
belongs, in fact, to the well-known Lure’s system as shown
inFig. 10 with y =77, , whose feedforward (green) block G(s)

is linear, and feedback (orange) block ¢(y,f) is a sector-
bounded non-linear time-varying function. Therefore, the
absolute stability conditions for the Lure’s systems [13] can
be applied to derive the sufficient conditions for the closed-
loop MPPT systems to be stable as follows.

2 G(s)

—_—

linear

A
)

(.0 |
//// <

sector bounded
Fig. 10. The standard form of Lure’s systems.

Stability condition from the circle criterion:

ReG(jw)—1/k, <0 where —k, <@(V,,)/Vy, <0.  (10)

G(s) is the product between the transfer functions of the
MPPT Grp(s) and the dc-link voltage control loop Guc(s),
while k; is determined from the sector boundedness of the
dynamic conductance function ¢ =g =dp, /dv;, (Fig. 5). This

means that the Nyquist plot of the transfer function G(s) must
lie entirely on the lef-hand side of the //k; line. To use the
condition (10) to check the stability of the designed MPPT,
the linear transfer function G(s) must be computed.

From Fig. 3(b), the closed-loop transfer function Gu(s) of
the dc-link voltage control can be expressed as in (11).

Vi()=Gu (Vg

kp—dcs+ki—dc (11)

s*C/2+sk, 4. +k_ g4

where kp-q- and ki.q. are the proportional and integral gains of
the dc-link voltage control, and C is equal to 820uF. In this
paper, the k,.4 and kiq are selected as 0.024 W/V?2 and 0.01
W/V?, respectively, to achieve a settling time of the dc-link
voltage control loop around 100 ms. As a result, the
feedforward transfer function G(s) becomes as shown in (12).

G(s) = k, + sk; kpy_geS+ki_g
s s*C 1245k, 4 +k_ 4
—_

G, (s)=
p—dc

p—dc
Gpp(s) G ()
—(4852 +107540s +44800)

= (12)
8.2x107"s* +820x1070s” +0.0485> +0.02s

where k, and k; are the proportional and integral gains, of

P-V? curve-based MPPT, respectively. In this paper, the

proportional and integral gains of the MPPT are set to 1000

and 2.24 x10° respectively to obtain a response time around
0.2 sec.

Next, before applying the condition (10), the value of &
which defines the sector boundedness should be determined.
Fig. 11 is the graph of the dynamic conductance curve g(r?)

at various irradiations. The curves are calculated from the PV
panel characteristic at 1000W/m? irradiation, whose open-
circuit voltage and short-circuit current are 200V and 3.3A,
the MPP voltage is 175V, and the rated power is 545W. From
these dynamic conductance curves ¢(r?), the parameters for

the sector boundedness are determined as k;=0, k,=-19x10°
as shown in Fig. 11.

02 T A T
\ k, =—19x10"
10001 m* | 0oW/m? \rl\/
7

p

MP
02 : :
35 3 25 2 45 1 05 0 05 1 15

squared of PV panel «<10*
Fig. 11. Dynamic conductance under various irradiation levels with sector

boundedness k;=0 and k;=-19x10.

I

dynamic conductance
o

=)

We can now investigate the stability of the designed
MPPT by plotting the Nyquist plot of the transfers function
G(s) as depicted Fig. 12. The trajectory of the Nyquist plot
lies entirely on the left-hand side of the //k; line and does not
encircle the 1/k; point. Therefore, it is concluded that the
designed closed-loop MPPT satisfies the condition (10) and
has an absolute stability.
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Fig. 12. Nyquist plot G(s) of the designed MPPT.

V. SIMULATION RESULTS

To investigate the correctness of theory and the feasibility
of the proposed MPPT method, simulation using
Matlab/Simulink is done on a single-stage 3-level PV inverter
shown in Fig. 13. Two PV strings are connected to the upper
and lower dc buses of the 3-level PV inverter. The proposed
MPPT is performed on both strings separately. The PWM
modulation scheme is given in [15]. The parameters of the
PV string are the same as those used in the Fig. 11.

¢, 820uF
L 4[:} L=5mH V-, =100V
! €, == [820uF Ilevel
inverter
Liw ] Mot Vd(k Vi 1) sw signals i, | |ve

o
MEEEL Vi

|

I

! P-y

| curve based Independent i
| K—1o
| . T power control of

| AV,

I

|

I

|

it | AV ien the upper and 1) Ve
MPPT

lower dc bus
P-y? 2
curve based K,LL

I
an, san, T

Fig. 13. Block diagram of simulation set up.



To validate the effectiveness of the proposed MPPT, the
initial PV voltage is set at 190 V with the MPP voltage at 175
V. The simulation results are shown in Fig. 14. From Fig. 14
(a), the squared voltages (V;,,V;, ) are adjusted correctly

toward the MPP at 1752 V2 within 0.2 sec, and the generated
power from each string reaches Ppu,=Pp,=545W. The
response time to the MPP is approximately 0.2 sec which
corresponds closely to the analysis and design in the previous
section. The trajectory of the tracking is illustrated on the P-
V2 plane in Fig. 14(b). From this simulation results, it is
confirmed that the proposed P-V? curve-based MPPT system
is stable as predicted from the circle criterion of Nyquist plot
in Fig. 12 and works correctly as designed.
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—— > ——— ]
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Squared Voltage of PV panel x10%
(W]

Fig. 14. Simulation results with the proposed P-V? curve-based MPPT using
feedback control. (a) Transient response and convergence behavior. (b)
Trajectory on the P-Vcurve.

For comparison, the simulation results with the P-V?
curve-based MPPT using P&O algorithm instead of the
feedback control (Fig. 6) are shown in Fig. 15. Considering
the response time of the dc-link voltage control (100 ms), the
sampling rate of P&O algorithm is set at 10 Hz (i.e., sampling
time=100 ms) with the step size of the squared voltage A,, of

600 [V2]. Fig. 15 indicates that the response time of the P&O
algorithm is much slower than the feedback control one.

] steahv stai\e‘

L tra‘cking st‘arts ‘

Ere T »
— Vaslas1sV]
L 190V ]

L Vier =V =175V ]
.................................. ]
e

. (6800V/div.)(10V/div.)(100W/div.) 25ms/div.

P,y =B, =545W]

Fig. 15. Transient response and convergence behavior with the P-V? curve-
based MPPT using P&O algorithm.

To demonstrate the dynamic performance of the proposed
P-V? curve-based MPPT, the irradiance /., is now increased
from 500 W/m? to 1000 W/m? with the ramp rate of 100
W/m?¥sec as shown in Fig. 16. The simulation results in Fig.
16 indicate that the MPPT can tracks the changing MPP very
well as can be seen from the waveform of the dc-link voltage
and from the trajectory in the P-V?2 plane. Moreover, despite
of the changing irradiance, the MPPT is still stable and

operates correctly without wrong tracking direction. This
confirms the good dynamic performance.
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(b)
Fig. 16. Simulation results with the proposed P-V? curve-based MPPT using
feedback control under dynamic irradiance condition. (a) Transient response
and convergence behavior. (b) Trajectory on the P-VZcurve.

Similarly, the simulation results under the same conditions
of Fig. 16 but with P&O algorithm are shown in Fig. 17.
Compared to Fig. 16, it is seen that the P&O algorithm tracks
in the wrong direction during transient because the irradiance
changes so fast that the MPPT cannot differentiate the change
of power whether it is due to the P-V characteristic or the
changing irradiance. The dynamic performance is thus
inferior to the proposed MPPT with feedback control.

Foi I :‘1000Wmi$ 1
Ci7 =500W/m? 1
Foe =T 1
Y's slope=100W/m*/s :
oy, =V, =175V
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2 1
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100 -
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Squared Voltage of PV panel x10*
(b)
Fig. 17. Simulation results with the P-V? curve-based MPPT using P&O
algorithm under same dynamic irradiance condition of Fig. 16. (a) Transient
response and convergence behavior. (b) Trajectory on the P-Vcurve.

As an example of unstable MPPT, the PI gains in the dc-
link voltage control loop are changed such that the new
transfer functions become

0.003664s +0.06609
GdC (S) = -7 .3 -6 2
8.2x107 s> +820x107° s> +0.003664s +0.06609
. 2
G(s) (3.664s” +886.9s +14800)

T 82x10 75" +820%10°s’ +0.003664s> +0.06609s *



and the corresponding Nyquist plots are shown in Fig. 18(b).
The PI gains of the MPPT are increased from the case 1 to 4,
and it is observed that the Nyquist plots do not satisfy the
criterion (10) for high PI gains. Therefore, the stability cannot
be guaranteed anymore. As theoretically expected, when the
stability condition (10) is violated the MPPT becomes more
and more unstable as can be seen from the dc-link voltage
waveforms in the simulation results of the cases 2-4 in Fig.
18(a). Therefore, the stability criterion (10) serves as a good
guideline to guarantee the stability of the proposed P-V2
based MPPT.

R

. (5V/div.) [(1s/div.)

0?2 ?,sel c7se3 .

(@)
15 X100
cased
" unstable case
5 B wase2 ase3
3 casel -
N .
)
c e
£
s
ﬁ,’—\ 1
1 =57 631
4 =2Z,001
k,
<
1.5 . -
-1 0 1 2 3 4 5 6
Real Axis %10°

(b

Fig. 18. Simulation results with the proposed P-V? curve-based MPPT using
feedback control under various PI gains of the MPPT. (a) dc-link (panel)
voltage transient response. (b) corresponding Nyquist plots of G(s).

VI. CONCLUSION

To increase the tracking speed of the MPPT without
facing instability issue, this paper presents a new P-V2 curve-
based maximum power point tracking algorithm which
adopts the squared voltage of the PV panel as the control
variable. Together with the dc-link voltage control with the
squared voltage as the command, the whole MPPT system
conforms to the Lure’s system structure. The closed-loop
stability is then rigorously analyzed to obtain design
guidelines for stable MPPT using the circle criterion. It is
confirmed that so long as the dc-link voltage control loop and
the MPPT feedback controller is designed to satisfy the
stability condition, the response time of the proposed P-V?
based MPPT can be much shorter than the conventional P&O
MPPT method while its stability is guaranteed. The static and
dynamic performance of the proposed MPPT is also
improved. The correctness of the analytical results and the
effectiveness of the proposed MPPT method are finally
verified by simulation on Matlab/Simulink.
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