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Abstract — The continuously increasing demand of renewable
energy has advanced the development of Photovoltaic (PV)
systems and Maximum Power Point Tracking (MPPT) algorithms.
Classic hill-climbing plus PI technique is being challenged under
rapidly changing environmental conditions. This paper proposes
a MPPT algorithm with fast transient responses while maximizing
the efficiency of PV application. This novel approach employs a
dp/dv tracking method in conjunction with a second-order
switching surface controller in a boost-type converter. Successful
tracking of MPP is achieved in switching-cycle level with a precise
voltage ripple control. A 280W converter embedded with the
proposed controller is built and tested with multiple PV panels.
Experiment results show the proposed scheme can reach new MPP
in 300us and show a good agreement with the derived theory.
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L INTRODUCTION

Solar energy is an environmental friendly renewable energy
resource and considers as a suitable solution to mitigate in the
energy crisis. Photovoltaic is a technique which can directly
convert solar energy into electricity using semiconducting
materials without having impacts on the environment during the
conversion [2]. PV applications are widely used in the power
supply state of the aerospace application [3], and are also
commonly seen as a standalone systems in remote communities
or residence houses [4]. As an important component in a
microgrid, PV systems can supply local loads or feed the energy
back to the grid via power electronic interfaces [5]-[6]. Due to
the nonlinear I-V characteristic of PV panel, the maximum
power point (MPP) is required to be tracked by a MPPT
controller to ensure PV system is operating at the point [7].
Thus, under variation of solar irradiation, cloud coverage and
temperature conditions, the maximum output power of PV is
able to be guaranteed. With a MPPT controller, maximum
power can be extracted from PV panels, hence the conversion
efficiency of PV is boosted and the cost of produced PV energy
is reduced [8]. Furthermore, under rapidly changing
environmental conditions, a MPPT with a fast dynamic response
performance is essential. EN50530 [9] is generally applied to
evaluate the dynamic performance of MPPT controller in a
specified varying irradiance sequence.

Numerous MPPT algorithms are presented in literature,
where Perturb and Observe (P&O) is one of the most popular
one used in industry due to its simplicity and economic merits
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This is an updated version of conference paper [1]. The update includes,
experimental results with PV panels and PV mathematical modeling.

of implementation [10]-[11]. Notice that, the step size of the
perturbation is determined from the trade-off between the MPPT
accuracy and speed of MPP tracking [12]-[13]. Another popular
MPPT control technique is incremental conductance (INC),
which is more accurate to than the P&O and track MPP with
oscillation-free at MPP [14]-[15]. The constant voltage method
is another method. The bright side of it is less number of sensing
signal is required, only PV voltage is sensed. However, this
method is limited by environmental conditions [16]. Dynamic
performance of fuzzy logic control in [17] is improved but still
limited to milliseconds level.

Proportional Integral (PI) controller is typically applied
conjointly with MPPT algorithms to modulate the duty ratio in
a PV converter. However, the transient response of such
controller is not optimized [18]-[19]. Particularly for a
reconfigurable PV array [20] and fast moving objects such as
PV mounted vehicle or aircraft, where PI controller fails to
establish new operating point under rapid changing irradiance.
This results that the operation point does not coincide with the
actual MPP due to the delay of controller response. Thus, the
MPPT output power efficiency is reduced and poor tracking
accuracy is resultant. In addition, the slow MPPT takes a longer
time to reach new MPP. For a large-scale PV farm, the power
loss during this transient can be significant.

This paper proposes a fast MPPT control scheme based on a
boost converter with dual loop control to maximize power
generation from PV panels. This control scheme, dp/dv of PV
power-voltage curve is used to track MPP and boundary
controller is utilized to fastly modulate the PV output voltage. In
contrast to Pl-based MPPT, proposed controller guides the
operation point towards new MPP in a few hundred
microseconds instead of millisecond range, typically for
conventional MPPT algorithms. Also it keeps a stable operation
during steady state [19]. The technical contributions of the paper
are, 1) to achieve fast MPPT tracking performance, a concept of
cascading dp/dv tracker and boundary controller is proposed and
derived, 2) it is first time to applying boundary control with
second-order switching surface into MPPT for PV applications
with the supported by simulation and experiment results, and 3)
the overall system steady state characteristics have been
determined and have been proofed. The principle of operation,
controller design, simulation and experimental results will be
discussed in the following sections.

II.  PRINCIPLES OF OPERATION

Converter topology is essential to realize¢ MPPT, among
various DC/DC converters, boost-type converter is a widely
used topology [21]. Itis because 1) of the simplicity and easiness
of implementation, 2) the typical output voltage of the converter,
for example dc link voltage, is generally higher than the PV



string voltage and 3) input current of the boost converter is
continuous which can reduce the size of input filter [22].
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Fig. 1 The proposed control scheme with a boost-type PV converter.
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Fig. 2 PV P-V characteristic and principle of MPP tracker.

Fig. 1 shows a typical boost-type PV converter with MPPT
in the proposed control scheme block diagram [23]. System
input is a group of PV panels exhibiting typical PV
characteristics. System output is a dc voltage source which
represents a dc grid, dc link capacitors or a grid-connected
voltage source inverter (VSI). If it is an AC-grid-connected
system, a double line frequency ripple appears on the dc voltage
source, a closed loop system is required to avoid that to affect
MPPT performance. The proposed MPPT controller composes
of two control loops, namely “dp/dv tracker” as the outer loop
and “boundary controller” as the inner loop. The dp/dv tracker
traces the MPP along the PV characteristic by calculating the
instant slope of the curve. It delivers a voltage reference to the
inner loop controller to keep the converter operating at or around
the point. The inner loop controller employs the concept of
boundary control with second-order switching surface, which
exhibits very fast dynamic responses to track the operating
point. Therefore, the overall controller can track the MPP in a
fast and accurate way.

A. dp/dv Tracker Algorithm

In this paper, the applied dp/dv tracker is developed from the
incremental conductance method. The slope of power and
voltage curve is constantly calculated to track the maximum
power point of PV panels. Sensor circuit acquires the
instantaneous output voltage and current of the PV cell and
therefore the power of PV array ppy is given in the following
equation,

Ppv = Vpy X lpy, (1)

where ppy, Vpy, and ipy are output power, output voltage and
output current of PV panels as defined in Fig. 1.

The boost converter in Fig. 1 interfaces the PV panel in dc
form. The time-varying input capacitor voltage, v (k) and input

power of the converter, p(k), are identical to the output voltage
and output power of the PV panels, vpy, and ppy respectively.
The input power of the converter, p(k), is calculated by the
product of v (k) and PV output current, ipy, (k),

p(k) = ve(k) - ipy (k). 2
The slope of P-V curve can be obtained by two consecutive
points on the curve,
Ap p(k)-p(k-1)
Bve  ve()—vek-1)° S
where v (k) and v.(k — 1) represent capacitor voltage, p(k)
and p(k — 1) are output power of PV panels of two consecutive
moments.

The continuous-time signal is approximated by the

. . . . . d A
interpolation of the discrete signal, i.e. dTp = ﬁ. The MPP
c C

tracking strategy on the P-V curve is illustrated in Fig. 2. An
integrator is employed in this loop of control to eliminate the
steady error of MPP.
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Fig. 3 Equivalent circuit of PV converter.
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Fig. 4 Capacitor voltage and current waveforms in the steady state.

B. Control Laws of Boundary Control with Second-order
Switching Surface

The boundary control family includes first-order switching
surface such as sliding mode control [24] and hysteresis control,
and the main advantage is inherently stable [25]-[26]. However,
dynamic performance of first-order boundary controller is
limited [21]. To provide a fast and precise control towards
targeting output voltage in the inner loop, a boundary controller
with second-order switching surface is used in this paper [27]-
[30]. The boundary controller is actualized by governing voltage
ripple of PV output voltage, where the ripple band of capacitor
voltage are confined by two consecutive switching actions.
Criteria of such switching moments are derived from the
equilibrium states of the converter operations.

Schematic of PV converter with MPPT controller is depicted
in Fig. 1. In the equivalent circuit, the converter is shown with
two operational states which is the switch S is turned ON and
OFF as shown in Fig. 3. Fig. 4 provides a graphic illustration of
the ideal input capacitor voltage and current waveforms of a
boost converter. Both capacitor current and voltage are captured
by the converter sensors circuit. According to the second-order



boundary control law, the switch Turning-OFF moment at time
instant t; is able to be predicted by using the capacitor current
crossing zero information and the system parameter when the
capacitor voltage reaching v ,,;,, at the time instant t,. It
employs the geometry of capacitor voltage and current curves.
Turning-OFF criteria of the switch can be derived as,

Ve(t) € Vemin + [ 5| (D), 4)
and ic(t) <0. 5)

Similarly, Turning-ON criteria of the switch is determined
by the capacitor current crossing zero information and the
system parameter when the capacitor voltage reaching v 4, at
the time instant t,. By applying the same analytical method as
in Turning-OFF criteria, Turning-ON criteria is therefore
expressed as,

V() 2 Vemas — [1c] 120, ©
and ic(t) =0. @)

The Turning-OFF and Turning-ON criteria in (4) — (7) are
inequality, which can be easily implemented by the digital
microcontroller [29]. The boundary control law in a discrete
system is illustrated in Fig. 5.

Unlike PI controller uses past information to provide the
control signal, the boundary controller is based on the criteria
(4) — (7) and prediction to provide control with boundaries
(Ve min» Vemax) Of the control target. Thus, it provides fast
dynamic responses.
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Fig. 5 Boundary control law in a discrete system.

III. STEADY STATE CHARACTERISTICS OF PV SYSTEM

This section is aimed to perform the steady state analysis of
the proposed scheme. Based on a single diode model [31], the
mathematical model of a PV cell is studied and is shown in Fig.
6. Comparisons of theoretical calculations with simulation
results in steady state are evaluated in this section.

A. PV Array I-V Characteristics

In order to simplify the model of PV panels, equivalent series
resistance Rg and equivalent parallel resistance Rp are

neglected in this paper. I-V characteristic of PV array in the
nominal working condition where irradiance of sun E, =
1000W/m? and temperature T, = 25°C is constituted in
following equation [32],

'”’;V) — 1], )

iPV = Nplsc,n - IO,n [exp (NsaVT,n
where N, is number of PV panels in parallel, Ng is number of
PV panels in series, I ,, is nominal short-circuit current, I ,, is
saturation current of photovoltaic and its equation is given in
Appendix, a is the ideality factor of diode which is typically
between 1 to 2 and it is chosen as 1 in this paper for simplifying

the equation and finally V7 ,, represents thermal voltage.

By taking the approximation that the exponential component

is significantly greater than 1, i.e. exp (#) > 1, (8) can be
sAVTn
simplified as,
ipy = Nylien = Ion exp (22). ©

A typical PV I-V curve is shown in Fig. 7 and it can be
graphically represented by (9). Provided that the MPP of the PV
cell is located at Point 1. According to (9), the slope at the MMP
can be determined by the reciprocal of the instant output
resistance of PV cell and is expressed as,

2 Yy fon exp( Lpv ) (10)

Tpy dvpy NsaVrn NsaVrn

BN — M — IPV_NpIsc,n‘ (11)

Tpy dvpy NsaVrn
In principle, (10) and (11) apply to all the points on the I-V
curve, including point 2 and 3. By substituting a steady state
value of Vpy or Ipy into (10) or (11) respectively, the small
signal PV output conductance can be easily obtained with
physical parameters of PV panels. From (10), the relationship of
the change of vpy and ipy is negative, thus it can be estimated
that ripple polarities of voltage and current are opposite and
current ripple in steady state is able to be approximated by (11).
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Fig. 6 The Single-diode model equivalent circuit of a PV cell [31].
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Fig. 7 A typical PV -V curve.

B. Capacitor Voltage Ripple

In the boundary controller, AV is a fixed value which
represented the voltage band of the filter capacitor voltage. As
shown in Fig. 4, the actual peak-to-peak voltage ripple AV, is
the addition of AV, and 2AV as,

AVg = AVyep + 2 AV. (12)



When the integrator gain K; of outer loop controller is
properly chosen, steady error will be zero, thus AV,..; = 0, so
capacitor voltage ripple is actually band of boundary control.

C. PV Output Current Ripple

The amplitude of PV output current ripple is determined by
the PV I-V characteristics. And it can be obtained from (10),

Alpy = AV, —22 exp( ey ) (13)

saVTn NsaVrp

D. System Operation Frequency

As shown in Fig. 4, the absolute peak value of inductor
current remains identical during switch Turning-ON and
Turning-OFF in steady state, thus duty ratio is calculated as,

D = 7pe¥e, (14)
Vbc
Inductor current ripple (peak-to-peak) is described as,
. D
Aij = "fLL (15)

One feature of boundary controller is varying switching
frequency since there is no clock to govern the switching period.
The operation frequency is

jr _ veD
8LCAVC *

(16)

Based on (16), the system operation frequency can be found.
By varying the capacitor band, different operation frequency can
be generated.

IV. SIMULATION RESULTS

A. Steady State Operation

This section compares the calculation results of PV model
with simulation results. The topology with dual control loops
shown in Fig. 1 is implemented in simulation with PLECS
software. Both theoretical calculation and software simulation
use the same parameters of the circuits as shown in Table 1.

A 2 x 2 PV array is used in simulation as the input power
source, capacitor voltage, PV output current, inductor current
and gate signal at steady state are illustrated in Fig. 8. Using
given parameters listed in Table I, theoretical values in the
steady state are calculated by equations given in the previous
section. Table II compares calculated values in the steady state
with simulation results in steady state. This table indicates that
the simulation results match theoretical calculations.

B. Transient Performance

A comparative study of the transient performance of
proposed controller and a conventional PI-based MPPT
controller is performed in simulation. Parameters of both
controllers are shown in Table III. A step change of irradiance
of the sun is applied to both controllers simultaneously.
Dynamic response of proposed controller and conventional PI
controller in the simulation are depicted in Fig. 9, where the
green colour waveforms are generated by the proposed
controller and the red colour ones are created by the
conventional PI controller. Both controllers share the same outer
loop, the dp/dv tracker. Both controllers can successfully track
the MPP after the irradiation step changes. However, the PI
controller needs much more switching cycles to reach the new
MPP, since the converter passive component responses are

included in the transfer functions in the control loop. This slow
response characteristic leads to reducing MPPT efficiency
during the transient. Contradictorily, the proposed controller can
respond at once to govern the converter to achieve maximum
power extraction. The results show that the dynamic response of
MPPT is depended on the inner control loop. It generates
approximate 30mJ more in each transient in the simulation.
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Fig. 8 Simulation waveforms in steady state.
Table I
Parameters for Theoretical Calculation
Parameters Values Parameters Values
N, 2 Ny 2
I 3994 Vocn 2205V
Vr 1.852V a 1
L 24 mH c 15 uF
AV 15V
Table 11
Simulation and Theoretical Values in Steady State
Parameter Simulation Results Theoretical Values
Vypp 3488V 35374V
Iypp 7.38 A 722A
AV, 3V 3V
Alpy 0.56 A 0.61 A
duty ratio 0.708 0.705
Al 1.99 A 1.93A
f 5263 Hz 5373 Hz
Table III
Proposed MPPT vs PI Based MPPT Simulation Results
System Proposed Conventional PI
Parameter MPPT Based MPPT
Inductance 2.4 mH
Capacitance 15 uF
Output voltage 120V
Sun irradiance change From 50% to 100%
Simulation time 0.04 S
Voltage ripple(p-p) 3V
Switching frequency 4974-5165 Hz 5000 Hz
PI parameters N/A K;:0.008, K;:20
Settling time 300 us 3 ms

Fig. 10 is the corresponding X-Y plot of capacitor voltage
and inductor current in the simulation. The PV characteristic is
changed from Line 2 to Line 1. The system operates in the steady
state before and after the transient and at the MPP of the I-V
curves. During the transient, the system follows the Turn-on



trajectory (red solid line) toward the new operating point. While shown in Fig. 11 (a), the input of the converter consists of a
the system reaches the Turn-off trajectory (blue dash line) which group of 2 x 2 PV panels which are connected to the converter
can operate at the new MPP, the system operates in steady state via a long cable. Resistors and the dc voltage source are parallel
(oscillating around the MPP with the Trajectories) and governed ~ connected to the output. The overview of the testbed is shown in
by the boundary controller. Therefore, the system can achieve Fig. 11 (b). A dc voltage source is connected to the output and
the steady state in two switching actions. is used to control the dc link voltage. Resistors are applied to the
Voltage output as loading of the system. Under different environment

401 roposed. situations, the converter can adjust to the maximum PV power
LB point in a short period of time. Circuit parameters, PV panel
30 Conventona | parameters and controller parameters are listed in Table I'V.
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Fig. 9 Dynamic response of PI and boundary controllers based MPPT.
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Turn-on Trajectory St Fig. 11 Testbed (a) schematic of testbed, and (b) laboratory setup.
015 20 25 30 35 40 45
Capacitor Voltage .
. . . . Tek Stop e . — (0]
Fig. 10 MPPT moving trajectories. Capacitor Voltage (A
Table IV i \z»’;w’“ i \ ‘ » T"‘““"‘g‘ SN A\:\n‘\'»
Specification of The PV Converter Prototype Sra oo State at MBD2
Circuits parameters Nominal values RIS S S W it
Input capacitance C; 15 uF EY Output Current o AAAAAAAAAA
T T / v el A Y
Output capacitance C, 470 uF e & e /
Inductance L 2.4 mH » \‘/I' ({/ f /( VoV VIV
Resistance R 33 3 Q | nductor Current
dc source voltage 120V
PV panel para?meters Values o] o o T LRNED [ e
Number of series cells 36 =7000000s  2000points  <10Hz 13Apr2017
Maximum power rating Py 4x 5W (a)
Rated current I;pp 44A Tekisen ] i : _— e
Rated voltage Vy,pp 170V S _j“f,“\v INE SN NP NEN \' .
Short circuit current Igc 48A el 200 el
Open circuit voltage V¢ 217V PV Output Current B~
Controller parameters Values o T P
CPU Clock frequency 200 MHz AN NN AN A o DY
ADC sampling frequency 3.5 MHz Inductor; Current A LA A A AN
" LR VAR " \
Switching frequency 3.7-5 kHz I VIV
2>
V.  EXPERIMENTAL VERIFICATIONS
. 2.00A 2.00A 200ps. : 625KS/s. [\ 4308 14:14:54
A. Experlmental Setup | CH4 | = 0,00000s 2000 points  <10Hz 13Apr2017
A 280W boost-type PV converter prototype has been (b)

implemented. It was embedded with a DSP based MPPT Fig. 12 Exper_lment results of a step change of (a) switched from 2 to 4
. . panels, and (b) vice versa.
controller to experimentally verify the proposed concept. As
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Fig. 13 Power and Inductor current trajectories for Fig. 12 (a).

B. Experimental Results — Transient Performance

Fig. 12 shows the dynamic response of the PV system from
two PV panels in series to two PV strings in parallel where each
of them includes two PV panels in series. The transient response
of the MPPT controller is evaluated by switching on and off of
one PV string branch. Once the other PV string is in operation,
new MPP is supposed to be reached immediately. Fig. 12 (a) and
(b) explicate the behavior of the system output under a step
change in the number of connecting PV modules suddenly.
From Fig. 12 (a), PV output current suddenly rises to its double
quantity when the second PV string is switched on. From
capacitor voltage waveform, it can be found that new MPP is
getting stabilized in one switching cycle around 300us.
Similarly, in Fig. 12 (b), the connection is switched from 2x2 to
1x2 PV array where the capacitor voltage is stabilized in two
switching actions with 200us. The input current is dramatic
dropped to an approximately 50% of its previous value. The
corresponding switching trajectory of Fig. 12 (a) is shown in Fig.
13 where the inductor current is in yellow color. The controller
manages to catch the new operating point in one switching
action on the estimated I-V curve. Also, the new MPP is reached
with estimated P-V curve in one switching action.

VI. CONCLUSION

In this paper, a fast MPPT control scheme for PV application
was presented. In the proposed method, a dp/dv tracker
algorithm is coordinated with a boundary controller to achieve a
fast dynamic tracking performance. The proposed control
scheme has a significant improvement compared to the
conventional PI-based MPPT method. The control scheme
allows a boost-type PV converter to extract more energy from
PV cells during irradiation change. The design of the proposed
MPPT controller is supported with theoretical interpretation.
The boundary control laws of a boost converter with input
voltage control and the entire system steady state characteristics
have been determined. A laboratory prototype is built based on
a boost-type converter with a DSP controller. Experiment results
show that the proposed controller responds quickly (300us)

during transients to locate at the new MPP. The results matched
with the conceptual idea and the derived theory.
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VII. APPENDIX

A. Derivation of (4) and (6)

In Fig. 3 (a), the switch S is in ON state and the diode D is
in OFF state. Thus, inductor L is charging up from the PV source
and part of PV output current goes to C; according to KCL [27].
As a result, the following equations can be derived.

(AD)
(A2)
where i, ipyy and i, are inductor current, PV output current and
capacitor current respectively. And v; is the voltage over
inductor and v, is the voltage of capacity C. Since ipy, is

assumed as a dc current, derivative of (Al) can result in the
following equations,

lp, =lpy — ¢
And v, = V¢

dig(t) o _ dic(®)

= (A3)
dt dt
X
v, (t) = LD (A4)

By combining (A2) — (A4), capacitor voltage can be
rearranged as follows.

Ve = %f ic(B)dt + v (0) (AS5)

where v (0) represents capacitor initial voltage. (A4) can be
rearranged as

dt = |L d_iC| (A6)

vc
As capacitor voltage equals to the initial voltage, the
instantaneous voltage at t, plus with the integration of capacitor
current from t; to t, which is the triangular shadow area in
capacitor current waveform within the time interval of t; and t,
in Fig. 6. Therefore, integral of capacitor current can be
simplified as,

[ ic(®)dt = Sic(t:)At (A7)

The crest value of capacitor voltage waveform can be
obtained by putting (A6) and (A7) into (AS), as such

Vomar = ve(ts) = |35 ] i8(t3) + v (0)

where V¢, is upper peak reference capacitor voltage.
Therefore, turn-on criteria of S must fulfill (AS8), thus an
inequality (6) can be derived.

Similarly, in Fig. 3 (b), the switch S is in OFF state and the
diode D is in ON state. Thus, inductor L is discharging and
delivering to the output capacitor Cp and the output dc source.
Thus, the voltage across the inductor is the difference of input
voltage, v, and output voltage, vy., The value of capacitor
voltage V¢ i can be derived as,

L1

Vemin = Ve(ty) = — [E F—

(A8)

|2t +ve(0) (A9

where V¢, i lower peak reference capacitor voltage.
Therefore, turn-off criteria of S must fulfill (A9), thus an
inequality (4) can be derived.

B. Derivation of (10) and (11)
By using (9), and introducing small signals,

. Vpy+vpy
Ipy + iy = Nplsen, — I €XP (NPZ—VT’;) (A10)
By taking the derivative,
M _ Ion Vpy Vpv
dvpy B NsaVrn P (NsaVT,n> P (NsaVT,n) (Al 1)

Assume the small signal of vy, is much smaller than the
steady state voltage Vpy, i.e. 1, K Vpy, (10) can be obtained.
By putting (9) into (10), then (11) can be obtained, where

N, ISC,TI
Ion = —rgemy— (A12)
exp(aVT"n)—l
C. Derivation of (13)
By using (12), and introducing small signals,
Ppy + Ppv = (VPV + vpv)NpIsc,n -
Vey+vpy

(Vo + Uy )lon €Xp (#V;”;) (A13)
By taking the derivative,
dppy _ _ Vpy+vpy Vpy+vpy
dvpy B Nplsc,n IO,n (1 + NsaVTn ) exp (NsaVT,n) (A14)

Assume the small signal of v, is much smaller than Vpy, i.e.
Vpy K Vpy, thus, (13) can be obtained.



