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�e application of photovoltaic-thermoelectric (PV-TE) combined power generation system in greenhouse is an e�ective way to
solve the problems of high energy consumption and high pollution. In order to improve the e�ciency of the PV-TE system,
maximum power point tracking (MPPT) control is required. Aiming at the shortcomings of the traditional incremental conductance
(INC) method, which is �xed in step size, a hyperbolic tangent-type adaptive variable step length INC method is proposed. �e
method takes advantage of the monotonically increasing and the fast changing speed of the hyperbolic tangent function, so that the
step length can be adjusted rapidly and adaptively according to the change of external environmental conditions such as light
intensity. �e simulation results show that the proposed method can rapidly track the maximum power point when the illumination
intensity changes drastically, and meanwhile it has smaller steady-state error and can realize MPPT control well.

1. Introduction

�e development and progress of science and technology have
promoted the gradual popularization of the new type of
greenhouse under the concept of “Internet +.”With the increase
of sensors andotherdevices in thegreenhouse, thedisadvantages
of complex installation, inconvenient maintenance, and low
performance-to-price ratio of traditional power supplymode are
becoming more and more obvious, and people pay more and
more attention to the environmentally friendly and convenient
solar energy [1, 2]. However, the power generation e�ciency of
photovoltaic cells will decrease greatly with the increase of
working temperature in order to solve this problem. Vorobiev
etal. [3]proposedphotovoltaic-thermoelectricpowergeneration
technology,whichuses the excess heat generatedbyphotovoltaic
cells as the heat source of thermoelectric power generation
system to achieve secondary power generation, so as to improve
thepowergeneratione�ciencyof thewhole system.However, in
practical use, it is necessary for the photovoltaic/thermoelectric
power generation system to work at the maximum power point
as far as possible to maximize the potential of the system.

At present, there are few literature on the maximum
power point tracking control of photovoltaic-thermoelectric

power generation system, and the control method of pho-
tovoltaic power generation system is mainly borrowed. �e
commonly used methods include constant voltage method
[4] (CV), disturbance observation method [5] (perturbation
and observation method, P&O), and incremental conduc-
tance method [6] (INC). In addition, some intelligent heu-
ristic algorithms are also applied to maximum power point
tracking control, such as fuzzy control [4], arti�cial neural
network [7], and particle swarm optimization algorithm [8].
Among them, the conductance increment method is simple
in principle and easy to implement, and it is amethod that can
truly realize maximum power point tracking control in
theory.However, thismethod alsohas obvious defects, that is,
the use of �xed step size, and improper selection will lead to
the algorithm and cannot �nd the maximum power point or
oscillation in time. In order to solve this problem, a con-
ductance increment method based on model reference is
proposed in reference [9]. Firstly, themaximumpowerpoints
with di�erent light intensity and temperature are found as the
reference model under the condition of simulation. �en in
practical use, the conductance increment method is used to
�nd the real maximum power points near these points. Al-
though the simulation results show that this method can
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effectively improve the tracking accuracy of the maximum
power point, the establishment of the previous reference
model needs to consider toomanyparameters. Literature [10]
combines the particle swarmoptimization algorithmwith the
conductance increment method. Firstly, the particle swarm
optimization algorithm is used to predict the voltage and
current near the maximum power point, and then the con-
ductance increment method is used to find the maximum
power point according to these two values, and a good
tracking effect is achieved. However, this method has high
computational complexity andhighhardware cost. Literature
[11] combines the constant voltage method with the con-
ductance increment method and uses the constant voltage
method to quickly locate near the maximum power point in
the initial stage. +en, the conductance increment method is
used to find the maximum power point, and the step size can
be changed dynamically by changing the scale factor
K. However, this method only uses the maximum step size in
the traditional conductance increment method to simply
limit the scale factor and does not really realize self-adap-
tation.+e same control strategy is adopted in reference [12].
+edifference is that the scale factorK isgivenby trial anderror
method, so this method has poor flexibility and robustness. In
reference [13], an adaptive conductance increment method is
proposed, which can automatically adjust the step size
according to the changes of the external environment. A new
step size adjustment coefficient is adopted to improve the
response speed of the algorithm. However, the essence of this
method is the same as that of references [11, 12], only the form
of step size adjustment factor has changed slightly, and it is still
unable to achieve real self-adaptation.

Based on the above analysis, in order to better realize the
maximum power point tracking control of the photovoltaic-
temperature difference combined power generation system,
an adaptive variable step size conductance increment
method is proposed to solve the problems of oscillation and
misjudgment in the simple conductance increment method.
+is method makes use of the characteristics of the hy-
perbolic tangent function, so that the step size of the con-
ductance increment method can be changed adaptively, and
the tracking speed and steady-state characteristics of the
algorithm are effectively improved. +e MATLAB/Simulink
simulation results show that the adaptive conductance in-
crement method not only has faster tracking speed than the
traditional conductance increment method, but also has
smaller steady-state output power fluctuation, stronger ro-
bustness to external environment disturbance, and higher
energy utilization.

2. Photovoltaic-Temperature Difference
Combined Power Generation System

2.1. System Structure and Principle. +e structure of the
photovoltaic-thermoelectric power generation system is
shown in Figure 1. +e photovoltaic cell and the high
temperature end of the thermoelectric chip are connected by
high thermal conductivity insulating silica gel, while the low
temperature end of the thermoelectric chip is connected
with the cooling system by a high thermal conductivity

aluminum layer. In traditional photovoltaic power genera-
tion systems, the heat caused by sufficient light in photo-
voltaic power generation will hinder the photovoltaic effect
and reduce the photovoltaic power generation efficiency.
Usually, when the crystal silicon cell temperature increases by
1°C, the photovoltaic conversion efficiency will be reduced by
3% to 5%. Too high temperature will also shorten the working
life of photovoltaic cells [14]. +e combined photovoltaic-
thermoelectric power generation technology takes the heat
that affects the conversion efficiency and working life of
photovoltaic cells as the heat source of thermoelectric power
generation, and converts the waste heat of photovoltaic cells
into electric energy through thermoelectric cells, thus real-
izing the secondary utilization of solar energy. +e output
efficiency of the system is improved.

2.2. Mathematical Model of the System. Solar energy cannot
be completely absorbed by photovoltaic cells, some of which
will be released into the environment in the form of heat
transfer, convection, or radiation. Because the heat loss
follows Newtonian linear heat transfer law and radiation
heat transfer law, the heat balance equation of photovoltaic
cell surface can be obtained from the law of conservation of
energy [15].

GAPV � Qin + εδAPV T
4
P − T

4
a  + hAPV TP − Ta( . (1)

Among them, G represents the intensity of solar radi-
ation, Apv represents the area of the battery panel, Qin in-
dicates the amount of heat absorbed by the battery (per unit
time), ε and h represent the reflectivity and heat transfer
coefficient (unit area) of the panel, δ is the Boltzmann
constant, and Tp and Ta represent the surface temperature
and ambient temperature of the panel, respectively.

+e Newtonian heat transfer law is also obeyed between
the photovoltaic cell and the thermoelectric chip, so the Qin
of the energy absorbed by the thermoelectric chip per unit
time from the photovoltaic cell is

QP � Qin − PPV � UhAh TP − TH( . (2)

Among them, PPV is the power output of photovoltaic
cells, Uh is the thermal conductivity, Ah is the heat exchange

Solar cell

TEG1 TEG2 TEGn…

Cooling system

Solar energy
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Figure 1: Structure of photovoltaic-thermoelectric power gener-
ation system.
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area, and Th is the hot end temperature of the thermoelectric
sheet.

Formula (1) and type (2) are available:

APV G − εδ T
4
P − T

4
a  − h TP − Ta(   − I

2
PVRL1

− UhAh TP − TH(  � 0.
(3)

Some of the heat absorbed by the thermoelectric plates
will also be lost to the environment:

Qloss � K0 TH − Ta( . (4)

Among them, K0 is the thermal conductivity between the
thermoelectric sheet and the environment.

According to the first law of thermodynamics, the final
heat absorbed by the thermoelectric sheet is

QH � Qin − PPV − Qloss. (5)

According to the characteristics of the thermoelectric
sheet, Qh can be obtained as follows:

QH �
α2TH TH −TC( 

Ri +RL2
+k TH −TC( −

1
2
α2Ri TH −TC( 

Ri +RL2
. (6)

where k is the heat conduction coefficient between the hot
end and the cold end of the thermoelectric sheet. Formulas
(5) and (6) can be obtained:

α2TH TH − TC( 

Ri + RL2
+ k TH − TC(  −

1
2
α2Ri TH − TC( 

Ri + RL2

− APV G − εδ T
4
P − T

4
a  − h TP − Ta(   + I

2
PVRL1

+ K0 TH − Ta(  � 0.

(7)

According to formulas (3) and (7), the working tem-
perature Tp of the photovoltaic cell and the hot end tem-
perature TH of the thermoelectric chip can be obtained by
setting different loads of RL1 and RL2.

In the process of transferring heat to the cooling system,
due to the high thermal conductivity of aluminum, there is
little heat dissipated into the environment. Ignoring this part
of the loss, the heat absorbed by the cooling system is as
follows:

QC � mc Tco − Tci( , (8)

where m is the mass flow rate of water flowing through the
cooling system (kg/s) per unit time, c is the specific heat of
water, Tco is the outlet temperature of the cooling system,
and Tci is the inlet temperature of the cooling system (default
is 0).

And because of the temperature difference, the heatQc of
the cold end of the generator is

QC �
α2TC TH − TC( 

Ri + RL2
+ k TH − TC(  −

1
2
α2Ri TH − TC( 

Ri + RL2
.

(9)

+erefore, the outlet temperature of the cooling system is

Tco �
QC

mc

�
α2TC TH −TC( /Ri +RL2+k TH −TC( −1/2α2Ri TH −TC( /Ri +RL2

mc
,

(10)

Tp, TH, and Tco are three very important parameters for the
photovoltaic-thermoelectric combined power generation
system, which can affect the overall power generation
performance of the system.

From the above heat conversion process, it can be seen
that the electricity output of the photovoltaic cell and the
thermoelectric chip in the combined system is relatively
independent, so the overall output power and power gen-
eration efficiency of the system can be obtained immediately
by combining the two mathematical models:

P � PPV + NPTE � I
2
PVRL1 + NI

2
TERL2,

η �
P

GAPV

�
I
2
PVRL1 + NI

2
TERL2

GAPV

,

(11)

where N is the number of thermoelectric plates.

3. Adaptive Variable Step Size MPPT Control

At the beginning of the birth of the conductance increment
method, because the performance of the algorithm is very
dependent on the accuracy and speed of voltage and current
detection, it is rarely used. However, with the rapid devel-
opment of microelectronics, integrated circuits, and sensing
technology, a large number of high-speed, high-precision
digital-to-analog converters, and high-performance DSP
appear, whichmakes it possible to popularize the application
of conductance increment method. +e conventional con-
ductance increment method mostly uses the fixed step size
method for maximum power point tracking, but this fixed
step size conductance increment method has obvious de-
fects: if the step size is too small, it will make the photovoltaic
cell stay in the low power output region for a long time; if the
step size is too large, it will aggravate the oscillation.

3.1. 2e Basic Principle of Conductance Increment Method.
Figure 2 shows the output characteristic curve of the pho-
tovoltaic-temperature difference combined power genera-
tion system under different temperatures and different light
conditions. It can be seen from the figure that the voltage-
power curve is a unimodal curve, so there must be a unique
maximum power point, which makes dP/dU� 0. +en, the
relationship between power and voltage and current can be
obtained:

dP

dU
> 0 �

d(UI)

dU
� I + U

dI

dU
. (12)

Since there is only one maximum power point Umax, it
can be considered in three cases:

① dP/dU> 0, dI/dU> − I/U. At this point, the power
point is Umax on the left, U<Umax
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② dP/dU< 0, dI/dU< − I/U. At this time, the power
point is on the right side of Umax, U>Umax

③ dP/dU � 0, dI/dU � −I/U. At this point, the power
point is Umax, U�Umax

+us, it can be seen that whether the current power point
is the maximum power point can be judged by comparing
the relationship between dP/dU and −I/U. If it is case 1, then

Uref � U + ΔU. (13)

If it is case 2, then

Uref � U − ΔU. (14)

+e obvious defect of the conductance increment
method is that the step size△U is fixed and needs to be given
by experience or trial and error method. Improper selection
will have a great impact on the performance of the algo-
rithm. If △U is too large, the tracking performance of the
maximum power point is better, but there is a serious os-
cillation phenomenon, and the steady-state error is larger;
on the contrary, if △U is too small, the oscillation phe-
nomenon is weakened, but the tracking speed will become
slower. +erefore, the effect of fixed step size conductance
increment method is not good in practice.

3.2. Adaptive Variable Step Size Conductance Increment
Method. Considering the defects of the conventional con-
ductance increment method, a natural improvement idea is
to adjust the step size dynamically. When the output power
of the system is far away from the maximum power point,
the step size should be set larger to speed up the dynamic
response of the system; when the output power of the system
is close to the maximum power point, the step size will
reduce the steady-state error of the system and prevent the
system from oscillating. From the basic principle of con-
ductance increment method, it is known that there is a
strong relationship between step size change and dP/dU, so
dP/dU can be used as a coefficient of step size adjustment.

Define the following hyperbolic tangent function:

f(x) �
e

x
− e

− x

e
x

+ e
−x . (15)

Its characteristic curve is shown in Figure 3.
It can be seen from Figure 3 that the hyperbolic tangent

function is a monotone increasing function, and the value
range of f(x) is [−1, 1], and when x ∈ [−∞, −2] and
x ∈ [2,∞], f(x) almost takes a positive or negative max-
imum, while when x ∈ [−2, 2], x changes rapidly in a
monotone increasing manner. +is is completely consistent
with the expected step size change, so consider dI/dU as the
function-independent variable and step ΔU as the function
variable. In addition, from a great deal of practical experi-
ence, it is known that there is generally a maximum ΔUmax
set by the fixed step size conductance increment method,
and the step size of the variable step size conductance in-
crement method should not exceed this value. Considering
these factors, the adaptive adjustment formula of step size
proposed in this paper is
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Figure 2: Output characteristics of the system under a different temperature and light. (a) Voltage-current characteristic curve. (b) Voltage-
power characteristic curve.
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ΔU(k) � ΔUmax
e

dI(k)/dU(k)
− e

− dI(k)/dU(k)

e
dI(k)/dU(k)

+ e
−dI(k)/dU(k)

. (16)

In this way, when the output power of the system is far
away from the maximum power point, the maximum step
size is almost adjusted, and when the output power is close to
the maximum power point, the step size can be quickly
reduced, so that the tracking characteristics and steady-state
error of the system can achieve good results at the same time.

+e implementation flow of the adaptive variable step
size conductance increment method is shown in Figure 4.

4. Experimental Analysis Program

In order to test the performance of the adaptive variable step
size conductance increment method in the maximum power
point tracking control of photovoltaic-thermoelectric
combined power generation system, the algorithm is sim-
ulated by MATLAB/Simulink software. +e DC-DC circuit
is in the form of boost, and the circuit structure is shown in
Figure 5. +e simulation structure of photovoltaic-ther-
moelectric power generation is shown in Figure 6.

+e photovoltaic cell simulation model used in this
paper is the JAMG-6-60-250/SI photovoltaic module of
Jingao Company, and some of its main parameters are
shown in Table 1. +e simulation model of thermoelectric
chip is F40550 of Xinghe Company, and some of its main
parameters are shown in Table 2 [16].

+emost important thing to evaluate theMPPTalgorithm
is to verify the tracking performance of its maximum power
point. In the experiment, the light intensity changed from
400W/m2 to 1000W/m2 at 0.1 s and back to 400W/m2 at 0.2 s.
In order to evaluate the performance of the algorithm more
objectively, the proposed algorithm is compared with the
traditional fixed step size conductance increment method and
thevariable step sizeconductance incrementmethodproposed
in reference [13]. +e results are shown in Figure 7. Among
them, thefixedstepsizeconductance incrementmethodselects
two kinds of step size, which are smaller ΔU � 0.1 and larger
ΔU � 0.5, and the maximum change value of step size in lit-
erature [13], and this algorithm is also set to 0.5 [17]–[19].

As can be seen from Figure 7, the variable step size
conductance increment method proposed in this paper has
the best tracking performance. Specifically, for the fixed step
size conductance increment method, when the illumination
suddenly increases, the system adjustment time of small step
and large step is 46.3ms and 24.2ms, respectively; when the
illumination suddenly decreases, the system adjustment time
is 34.8ms and 13.5ms, respectively; when the light intensity
is stable, the average output power of the system is 317.4W
and 324.7W, respectively. It can be seen that when the step
size is larger, the start-up speed and dynamic response time
of the algorithm are obviously better, but the corresponding
steady-state error is larger and the output power oscillation
is obvious, which leads to the decrease of the overall effi-
ciency of the system.
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+e performance of the algorithm in reference [13] is
obviously better than that of the fixed step size conductance
increment method. +e average output power of the system
is 317.8W when the light intensity is 1000W/m2, which

shows that the algorithm can improve the tracking speed and
steady-state accuracy of the system to a certain extent.

+e adjusting time of the variable step size conductance
increment method proposed in this paper is 12.5ms and

300

TB

800

G

5

1
Add2

S-Function Builder2

S-Function Builder1

S-Function Builder3

S-Function Builder

u0 kg0 y0

u0 kg1 y0

120

UA

0.8

2
Add1

TH

TB

G

IPv

Ite

UA

gx TH

TC

TP Repeating
Sequence

TC

m TCo

ηte

Pte

Ite

q

p
kg2 y0

PV

1
z

Unit Delay2

Unit Delay1

Unit Delay1

1
z

80

m

TEG

600

S

1
z

Product2

Product

Product1 Divide

TP

G

Vpv

Ipv

1.64

Apv

η

P

Scope

Scope1

Figure 6: Simulation block diagram of photovoltaic-temperature difference system.

Table 1: Main parameters of photovoltaic cells.

PV parameters Values
Short-circuit current Isc/A 8.62
Open-circuit voltage Voc/V 37.92
Temperature coefficient of Isc/(%·°C−1) 0.04
Temperature coefficient of Voc/(%·°C−1) −0.3
Maximum power/W 250

Table 2: Main parameters of thermoelectric generator.

TEG parameters
Temperature difference/°C
20 40 60

Open-circuit voltage Voc/V 32 55 81.8
Maximum voltage Vmax/V 15 25.2 36.8
Maximum current Imax/A 4.47 7.59 11.7
Maximum power/W 66.0 198 408

Load

MPPT PWM

Photovoltaic cell

Thermoelectric sheet

C21C

D1L1

Z1

I Driving signalV

Figure 5: Simulation circuit structure.
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12.1ms, respectively, and the average output power of the
system is about 316.4W when the light intensity is 1000W/
m2. Compared with the fixed step size conductance incre-
ment method or the variable step size conductance incre-
ment method in reference [13], the tracking speed and
steady-state accuracy of the system are greatly improved.
+is is mainly because the step size of this algorithm changes
continuously according to the hyperbolic tangent form,
which makes the algorithm really achieve fast and adaptive
tracking of the actual maximum power point, so the per-
formance of the algorithm is the best.

In order to compare the advantages and disadvantages of
the algorithm in this paper and the algorithm in reference
[13], the change of the step size of the algorithm with the
change of illumination is given, as shown in Figure 8. It is
obvious that no matter the light intensity suddenly increases
or decreases, the step size of the algorithm in reference [13] is
messy, sometimes large and sometimes small, and does not

change continuously in one direction, indicating that the
adjustment is too large in the process of adjustment and even
after the system output is stable, and sometimes the step size
is not zero. In this algorithm, when the illumination sud-
denly increases and decreases, the step size changes in the
same trend and adjusts rapidly, and the step size is kept at 0
after the system output power is stable, which realizes the
maximum power point tracking control very well.

Algorithm consistency is also an important index to
evaluate the performance of the algorithm. Because, when
the above simulation conditions remain unchanged, 20
experiments are repeated, and the average value of the ex-
periment is taken as the final result, as shown in Table 3.

As can be seen from the results in Table 3, the consis-
tency of the three algorithms is good. When the light in-
tensity changes, there is little difference in the results of
repeated experiments, which is also the advantage of the
conductance increment method. At the same time, it is
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Figure 7: Comparison of tracking performance of algorithms. (a) Fixed step size INC, ΔU � 0.1. (b) Fixed step size INC, ΔU � 0.5. (c) Reference
[13] variable step size INC. (d) Variable step size INC in this paper.
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further proved that the overall performance of this algorithm
is obviously better than the fixed conductance increment
method and reference [13] algorithm.

5. Conclusion

+is paper focuses on the maximum power point tracking
control of photovoltaic-thermoelectric power generation
system. In view of the shortcomings of fixed step size se-
lection in traditional conductance increment method, an
adaptive step size increment method with gradual step size
in hyperbolic tangent form is proposed. According to the
simulation framework established by the mathematical
model of photovoltaic-thermoelectric power generation
system, the simulation experiment is carried out by
MATLAB/Simulink software. +e simulation results show
that the hyperbolic tangent step size change law adopted in
this paper can make the step size change quickly and
adaptively, so that the output of the system can quickly track
themaximum power point.When the light intensity changes
sharply, the start-up time of the system can be effectively
reduced, the system can quickly track the maximum power
point in 15ms, and the steady-state error is less than 0.3%. A
good balance is achieved between the dynamic tracking
speed and steady-state accuracy of the system, and the
overall performance of the system is better. In addition, the
algorithm proposed in this paper has the advantages of

simple principle and low hardware consumption, so it is very
suitable to be implemented on DSP, FPGA, and other
hardware, and can be quickly applied in practice.
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Table 3: Comparison of simulation experiment data.

MPPT Step size

System response time/ms System steady-state error

Start A sudden increase in light
intensity

+e light intensity drops
suddenly

+e light intensity is
400W/m2

+e light
intensity is

1000W/m2 (%)

Fixed step size INC ΔU � 0.1 61.2 46.8 34.5 4 2% 0.51
ΔU � 0.5 24.3 24.5 13.7 4.91% 1.36

Reference [13]
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Algorithm in this
paper ΔUmax � 0.5 23.4 12.7 12.4 0.26% 0.16
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