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1e photovoltaic DCmicrogrid has strong nonlinearity and time variation.1erefore, traditional dual closed-loop control strategy
of voltage and current based on PI controller cannot effectively restrain the fluctuation and impact of DC bus voltage when the
dynamic response of the system is improved. Under this situation, in this paper, the fuzzy-PI dual-mode controller is designed to
upgrade the traditional dual closed-loop control, taking voltage outer ring into consideration, which is adopted to achieve good
transient performance while the bus voltage deviation is large. While the bus voltage deviation is small, the PI controller is utilized
for good steady-state performance. Hence, simulation and experimental results show that the fuzzy-PI dual-mode controller has
the same advantages with both fuzzy control and PI control; in other words, it has the features of speedy response, low overshoot,
good robustness, and strong anti-interference under different working conditions.

1. Introduction

In terms of the photovoltaic DC microgrid system, the bus
voltage is the only standard to measure the systematic se-
curity and stability [1, 2]. However, as affected by the
randomness and fluctuation of the power of photovoltaic
power generation as well as the dynamic change of load,
there is an unpredictable power disturbance of the PV DC
microgrid in the practical function, bringing large fluctua-
tion into the bus voltage. 1erefore, how to maintain the
stable operation of the DC bus voltage and how to ensure the
quality of power are crucial problems to be solved urgently
[3]. Currently, compensation is made through energy
storage device (ESD) that is incorporated into the DC bus
through the bidirectional DC/DC converter (BDC) [4]. 1e
micropower source is able to supply energy and the load can
store energy, relying on the amount of the bus voltage, so as
to strengthen the systematic robustness [5–10].

At present, the converter of energy storage unit generally
adopts the strategy of dual closed-loop control of voltage and
current or its upgraded strategy. Furthermore, traditional

dual closed-loop control of voltage and current, with taking
the bus voltage as the control outer ring and energy-storing
inductive and current as the control inner ring, makes
compensation by the PI controller under the classical control
theory [11, 12]. 1is traditional control fails to effectively
restrain the large fluctuation and impact of the DC bus
voltage while improving the systematic dynamic response.

According to this problem, a great number of scholars
introduce the method of feedforward control into the tra-
ditional dual closed-loop control [13, 14]. And these
methods can be divided into current feedforward and power
feedforward according to different variables of the feed-
forward. For example, Takei et al. put forward three methods
for testing feedforward control of load current aiming at
unstable zero point of Boost converter, which, compared
with the feedback control, successfully restrained the volt-
age’s change and enhanced systematic stability when re-
ducing the output filter capacitance [15]. In addition, Hou
et al. fed forward the load current to the control link based
on direct power control. And experimental results and
simulations showed that the load current feedforward
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scheme significantly intensified the dynamic response of DC
converters and kept the constant of output voltage under
load’s abrupt change [16]. Besides, Lu et al., based on the
DC/DC buck converter, brought in ripple compensation link
established by load current feedforward in the current inner
ring control, so as to speed up the dynamic response speed of
the inner ring and perfect the quality of the systematic
output power [17]. 1e above current feedforward control
strategy enhances the dynamic response performance of the
system to some extent. But due to the delay of the voltage
ring and current ring, the output current response will lag
behind the load disturbance.

1e power feedforward is similar to the current feed-
forward control, and it feeds forward the disturbance power
to the control link to suppress the fluctuation of the bus
voltage [18]. For example, Zhi-Lin et al., taking the fluc-
tuation problem of the DC bus caused by the mismatch
between output power and load consumption of renewable
energy for the DC microgrid into consideration, raised the
control method of power feedforward compensation based
on the classical dual closed-loop control to lead power
disturbance into controller through the feedforward chan-
nel, so as to restrain the fluctuation of the bus voltage and
reinforce systematic stability [19]. Moreover, Song and Zhu,
in order to elevate the antiload disturbance ability of the
bidirectional DC/DC converter, came up with the strategy of
virtual direct power control on the basis of direct power
feedforward control which did not need to consider the
parameters of converter’s energy storage inductance and
transformer’s changing ratio and boosted systematic com-
patibility [20]. More importantly, the power feedforward
accelerates the response speed of the system to power dis-
turbance, which, to a certain degree, improves the system’s
ability to restrain the fluctuation of the bus voltage. How-
ever, similar to the current feedforward, the power feed-
forward needs going through the current inner ring as well,
from which the output current still has certain delay
compared with the load disturbance. Meanwhile, it should
be noted that the feedforward control requires to simulta-
neously collect the real-time information of systematic
parameters and increases the cost of the system while re-
ducing its reliability at the same time, which is not conducive
to the expansion of the microgrid and the popularization of
plug-and-play functions. In view of the problems in the
feedforward control, Ibrahim et al. introduce the methods of
state observer, nonlinear perturbation observer into the
control loop. When the state observer estimates the amount
of disturbance, it is not necessary to establish an accurate
mathematical model including the disturbance signal
[21, 22]. As the models’ construction is relatively simple, a
great deal of mathematical calculation is avoided to meet the
requirements of system’s real-time property, whereas noises
are inevitably introduced and affect the power quality of the
microgrid at the time when the observer is used to observe
the state variables of the system.

In terms of the strong nonlinearity and time variability of
the photovoltaic DCmicrogrid [23–27], fuzzy-PI dual-mode
controller upgrades the traditional dual closed-loop control
in this paper. And for the voltage outer ring, the fuzzy

controller is adopted to obtain good transient performance
when the deviation of the bus voltage is large. On the
contrary, the PI controller is adopted to get good steady-state
performance when the deviation of the bus voltage is small.
1e simulation and experimental results show that the
fuzzy-PI dual-mode controller, boosting the advantages of
the fuzzy control and the PI control, enjoys fast response
speed, low overshoot, good robustness, and strong anti-
jamming ability under different working conditions.

2. Topology Structure and Circuit Structure
Diagram of the Photovoltaic DC Microgrid

2.1. Topology Structure of the Photovoltaic DC Microgrid.
1e topology structure of the photovoltaic DC microgrid is
shown in Figure 1, and it is mainly composed of photovoltaic
arrays, batteries, loads, and various types of energy con-
version devices, among which the photovoltaic arrays and
batteries are connected to the DC bus by the Boost and BDC,
respectively, and the loads include resistive load and con-
stant power load. For the two loads, the first one is directly
parallel connection to the DC bus, and the other one is
connected to the DC bus through the Buck converter, which
is equivalent to the constant power load together with the
Buck converter. As the photovoltaic DC microgrid can work
in grid-connected and off-grid working mode, this paper
mainly takes the bus voltage stabilization of the photovoltaic
DC microgrid when off-grid functions.

2.2. Circuit Diagram of the Photovoltaic DC Microgrid.
1e main circuit construction of the photovoltaic DC
microgrid during the off-grid operation is shown in Figure 2.
In this figure, Lpv, Lbat, and L1 represents the energy storage
inductance (H) of the Boost converter, the bidirectional DC/
DC converter, and the Buck converter respectively;ipv_dc
serves as the output current for the Boost converter, and ib_dc
shows the output current that bidirectional DC/DC con-
verter is connected behind the battery, which has bidir-
ection; iloadrepresents the current of the Buck converter; iR is
the current of the resistive load; Cdcrefers to the capacitance
of the DC bus; and udc indicates the voltage of the DC bus.

If the battery modules are not considered, according to
the current equation by Kirchhoff, the dynamic equation for
the DC bus is

Cdc
dudc

dt
� ipv_dc − iload − iR. (1)

From formula (1), the DC bus voltage is influenced by
output current as well as load current of the photovoltaic
modules. And when photovoltaic output is equal to load
consumption, the voltage of the DC bus is stable, but it is
affected by the randomness and volatility of the photovoltaic
output and the dynamic change of the load. Hence, it is
difficult to ensure that the output current is exactly the same
as the input current of the load of the Boost converters
within all periods. After adding battery modules, the dy-
namic equation for the DC bus is
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Cdc
dudc

dt
� ipv_dc ± ib_dc − iload − iR. (2)

When ib_dc is expressed as “+,” it shows that the battery
discharges, providing energy for the system. When ib_dc is
expressed as “−,” it shows that the battery charges, absorbing
system’s surplus energy. 1e system is guaranteed to
function safely and stably through controlling the charge
and discharge of the battery to restrain the fluctuation of DC
bus voltage.

3. Fuzzy-PI Dual-Mode Controller

1e classical PI controller not only has simple and strongly
stable algorithm, but also has simple and effective control
effects for precise linear system of mathematical models.
However, the distributed power source is of diverse cate-
gories, the running states, the output characteristics, and the
control methods, belonging to the typical nonlinear system
in the microgrid. When systematic workload is large, es-
pecially in the case of largely sudden change of load or access
to impact load, the robustness of microgrid system based on
the PI control is less weak, which is difficult to suppress the
impacts of system’s high-power disturbance on the DC bus
voltage in a short time. 1e fuzzy control serves as a kind of

intelligent control algorithm based on fuzzy set theory, fuzzy
language variables, and fuzzy logic reasoning. Importantly, it
transforms natural language into control strategy not relying
on the system’s precise mathematical models. Furthermore,
its great robustness is suitable to solve the problems of
nonlinearity, strong coupling time variation, and lag in the
control process, and it is an important method for human
beings to tackle complicated nonlinear systems, while the
fuzzy control lacks the integral link, which is difficult to
eliminate and leads to the reduction of the controlled ac-
curacy and the dynamic quality of the system.

In order to effectively cope with the contradiction of the
dual closed-loop control based on the PI in improving the
steady accuracy and dynamic performance of the system,
this paper proposes a PI controller that the fuzzy-PI dual-
mode controller replaces the voltage outer ring with com-
bining the advantages of the fuzzy controller and PI con-
troller. If the system’s deviation is large, the fuzzy control
scheme is selected to enhance the mediation range. If the
error is small, the PI control scheme is chosen to elevate the
steady-state accuracy. 1e control frame is shown in
Figure 3.

In Figure 3, U∗dc and i∗bat are the given values of the
voltage outer ring and the current inner ring, respectively;
Udc and ibat are the sampling values of the voltage of the DC
bus and the current of energy-storing inductance, respec-
tively. In addition, the current inner ring adopts the PI
controller, and the voltage outer ring applies the fuzzy-PI
dual-mode controller, which chooses different controlling
strategies according to the deviation of the bus voltage. Since
application of the PI controller is so mature, the fuzzy
controller and mode selector are primarily described as
follows.

3.1.FuzzyController. 1e fuzzy controller is also called fuzzy
logic controller. Because the adopted fuzzy control rules are
described by fuzzy conditional statements of fuzzy theory,
the fuzzy controller is a language controller, also known as
fuzzy language controller. 1is paper employs a two-di-
mensional fuzzy controller, and the system’s frame is shown
in Figure 4.

In Figure 4, e and ec are the input of the fuzzy control,
where e represents the systematic deviation; ec acts as the
deviation’s changing rate ec � de/dt; u is the amount of
output control; ke and kec as well as ku are the quantitative
factors of e, ec, and u respectively; E, EC, and U are the
language variables of e, ec, and u defined on its respective
theory domains; and D/F acts as fuzzy modules, whose
functions are to convert the real determinate input into fuzzy
vector. And A∗∘R module is the reasoning module.
According to the input fuzzy vector and the fuzzy control
rules, the fuzzy output U is worked out according to the
fuzzy reasoning synthesis rules. F/D module is defined as
clear modules, which is to convert the fuzzy quantity U into
clear amount, then to obtain the actual control amount and
to act on the executing agency through quantitative factor.

In the design of the fuzzy control, the universe of lan-
guage variables is usually defined as the discrete universe of
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Figure 1: Topology structure of the photovoltaic microgrid.
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finite integers, and the input and output variables are
transformed on dimension, so that they can fall within the
scope of their respective universe. 1is paper regards the
fuzzy universe of E, EC, and U as N � [−5, 5] and, according
to the various sensitivity of the controlled objects to the
input variables, sets the fuzzy subset of E and U as negative
big (NB), negative medium (NM), negative small (NS),
negative zero (NO), positive zero (PO), positive small (PS),
positive medium (PM), and positive big (PB) and sets the
fuzzy subset as negative big (NB), negative small (NS), zero
(ZO), positive small (PS), and positive big (PB). Reducing
the number of ECfuzzy subset can reduce the number of
subordinate functions in the reasoning module and can
speed up the operation speed of fuzzy controller. Among
them, the universe transformation schematic is shown in
Figure 5, and subordinate functions of the input amount E,
ECand the output amount U are shown in Figures 6(a)–6(c).

1e fuzzy reasoning rules of U are presented in Table 1 in
accordance with the control theory and experience. Taking
E � NB and EC � NB then U � NB as an example, it in-
dicates that the current DC bus voltage is much larger than
expected value, and the error is increasing continuously
when the voltage deviation e of the DC bus is NB and the
deviation’s change rate is negative big. 1erefore, it is
necessary to rapidly reduce the output U of converters so
that it operates in the Buck mode, absorbs redundant energy
from the system, and maintains the stability of the bus
voltage.

On the basis of the above fuzzy-control rules, the 3D
effect diagram of input and output relationship of the fuzzy
controller is shown in Figure 7.

3.2. Mode Selector. 1e mode selector is used to automat-
ically switch the operating mode of the dual-mode con-
troller, and it will calculate an error threshold based on the
control blind field of the fuzzy controller. Hence, when the
systematic deviation is greater than that of the threshold, the
fuzzy controller is employed to render the controlled objects

faster approaching the expected value to accelerate the
dynamic response speed of the system. It is believed that the
systematic adjustment accesses the adjust blind area of the
fuzzy controller when systematic input error is less than that
of the threshold. So, it automatically switches to the PI
control mode, aiming at lowering the system’s steady-state
error and improving the system’s controlling accuracy.

1e fuzzy controller on the discrete universe has control
blind area near the equilibrium points. 1rough setting the
physical universe of systematic deviatione as [−a, a](a> 0),
the fuzzy universe as Nj � [−nj, −nj + 1, ..., −1, 0, 1, ..., nj −

1, nj] (nj is usually a positive integer from 3 to 7), and the
quantitative factor as ke � nj/a of e, it can be concluded that
the corresponding fuzzy value of the systematic deviation is
n � ke × e. If n is an integer, it is the value in the fuzzy
universe Nj. And the calculated nis not an integer; the value
of n is worked out from the following formula:

n �

nj,

sgn ke × e( int ke × e| + 0.5
 ,

−nj,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

ke × e≥ nj,

−nj < ke × e< nj,

ke × e≤ − nj.

(3)

In the formula, the symbol operator “sgn” means plus-
minus sign of the value in the parenthesis. 1e integer
operator “int” represents the integer part in the parenthesis
behind the sign. For example, if there is
ke × e � −6.2, n � nj � −6. According to (3), if n � 0 near the
equilibrium points, the value of the system’s deviation at this
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timemay not equal zero.1ere is a controlled blind area, and
its critical value is

|X| �
0.5
ke

�
0.5a

nj

. (4)

When the deviation e of the system satisfies |e|< 0.5a/nj,
the system enters into the blind area of the fuzzy controller,
which is considered to have reached a steady state.1erefore,
this deviation cannot be eliminated, seriously affecting the
stable-state performance of the controlled system. As can be
seen from formula (4), the larger a is, the greater the critical
value of the blind regions will be and the more the system’s
error of the steady state will be. And the larger nj is, the less
the critical value of the blind area will be and the less the
system’s error of the steady state will be, while the system’s
calculation will increase at the same time. According to the
size of the critical value of the fuzzy control blind area, the
threshold is set, and generally the latter is greater than the
former.

4. Simulations and Experimental Results

4.1. Simulations and Results. In the light of the circuit
structure diagram of the photovoltaic DC microgrid shown
in Figure 2, the simulation model is constructed in MAT-
LAB/Simulink, as shown in Figure 8, and the systematic
simulation parameters are shown in Table 2.

1e expected value of the bus voltage is 650V, and the
PV module Boost converters make use of tracking control
mode (MPPT) at the maximum power point. And the Buck
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Figure 6: Relationship diagram of subordinate function. (a) Subordinate function of the input amount E, (b) subordinate function of the
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Table 1: 1e table of fuzzy reasoning rules of U.
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utilizes single closed-loop control of voltage to lower the bus
voltage to the rating voltage of the load motor, in order to
ensure the motor’s properly working. 1e following studies
are used to research three transient processes of the system’s
initial power-up, the surge, and reduction of the load. In
addition, the outer ring of the energy storage converter
voltage works on the system’s ability to restrain the fluctu-
ations ability and dynamic response performance under the
PI control, fuzzy control, and fuzzy-PI dual-mode control.

1e oscillogram of the DC bus voltage under different
control strategies is shown in Figure 9. In order to more
intuitively compare the control effects of the three control
strategies in different transient processes, the three parts,
initial power-up, load’s surge, and load’s plummet, are
enlarged as shown in Figures 10–12, respectively.

1e partial amplification chart of the DC bus voltage at
the initial power-up is shown in Figure 10. As seen from
Figure 10, when the voltage outer ring is controlled by the PI,
the overshoot of the DC bus is 15.5V, stable at 650V at
about 0.5 s, while the voltage outer ring is controlled by the
fuzzy control, the DC bus voltage reaches stable at 0.3 s, and
there is no overshoot. But due to the existence of control
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Table 2: Experimental parameters.

Parameter Numerical value
Output voltage of photovoltaic battery (V) 12
Capacitance of the DC bus (uF) 1000
Rated voltage of battery (V) 12
Rated capacitance of battery (Ah) 38
Rated power of DC motor (W) 30
Rated voltage of DC motor (V) 24
Rated current of DC motor (A) 2.1
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Figure 9: 1e comparison chart of the bus voltage.
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blind spots, the bus voltage is stable at 649.2V and fails to
achieve the expected value, and the system does not have the
trend of farther adjustment, while the fuzzy-PI dual-mode
controller using the fuzzy control is introduced; if the de-
viation of the bus voltage is large, the fuzzy control is used; if
the deviation of the bus voltage is small, the PI control is
adopted. On the basis of the figures above, due to the large
voltage deviation of the bus, far greater than the threshold set
by the mode selector, the control curves of the fuzzy control
and fuzzy-PI dual-mode almost coincide, indicating that the
fuzzy-PI dual-mode controller is operated in fuzzy control
mode at this time. 1e bus voltage is 649.7 V at 0.3 s,
reaching a steady state. From the above analysis, it can be
seen that in the process of electrical transient state on the
system, the fuzzy-PI dual-mode control improves the dy-
namic response performance of the system compared with
the PI control. And compared with the fuzzy control, the
fuzzy-PI dual-mode control reduces the steady-state error of
the system.

Figure 11 is the partial magnification of the DC bus
voltage during the load’s surge. As can be seen from the
figure, at the 1.5 s, the DC bus voltage under the PI control
sharply drops, but it is stable at 650V attachments at some
85 s with load power suddenly increasing, while in the re-
covery process there is an overshoot phenomenon. When
adopting the fuzzy control, the load instantaneously elevates,
the bus voltage reduces by 2.5V and stabilizes at 650V with
1.5V steady-state error, and the system cannot be further
adjusted.When using the fuzzy-PI dual-mode controller, the
drop of the bus voltage is about 1V, reaching stability at
1.6 s, gradually restoring to 650V, and having no overshoot
and steady-state error.

Figure 12 is a partial enlarged one of the DC bus voltage
when the load is suddenly reduced. 1e load suddenly re-
duces at 2.5 s, the bus voltage uplifts 10V under PI control,
the overshoot phenomenon is presented in the recovery
process, and the voltage is gradually stabilized to 650V at
about 2.9 s. On employing the fuzzy controller, the bus
voltage reaches the steady-state value of 649.2 V after os-
cillating adjustment. When employing the fuzzy-PI dual-

mode controller, the voltage of the bus increases 1V in the
load’s instantaneous reduction and recovers to about 650V
at 2.7 s.

1e above analysis shows that in the three different
transient processes, systematic initial power-up, load’s surge,
and load’s reduction, relative to PI control and fuzzy control,
the fuzzy-PI dual-mode controller combines the advantages
between the fuzzy control and the PI control, which is able to
effectively restrain the large fluctuations and impact on
improving the dynamic response at the same time and
enhance the robustness of the system.

4.2. Experiments and Results. Taking the safety factors into
account, the voltage level will be lowered for experiments,
and the DSPACE 1104 control platform is used to further
test the effectiveness of the proposed fuzzy-PI dual-mode
controller in this paper. With designing the bus voltage level
of 24V of experimental platform, the photovoltaic simulator
and battery connected to the input of the experimental board
as the distributed power source and energy storage equip-
ment of the system, and output of the experimental board is
connected to the DC motor load, and the specific experi-
mental parameters are shown in Table 2.

Figure 13 is the oscillogram for the DC bus voltage,
similar to the simulation part. In studying the three different
transient processes of the initial power-up, load’s surge, and
load’s reduction of photovoltaic DC microgrid, the voltage
outer ring utilizes the PI control, fuzzy control, and fuzzy-PI
dual-mode controller to research the fluctuation situations
of the bus voltage. Figures 14–16 are the oscillograms of the
bus voltage for these processes.

As can be seen from Figures 14–16, in the three different
transient processes of the initial power-up, load’s surge, and
sudden reduction, when using the fuzzy control, the voltage
outer ring has steady-state errors and has no further
adjusting trend. 1ere is less steady-state errors, while the
overshoot and weak dynamic performance exists under the
PI control. Using the fuzzy-PI dual-mode controller can
effectively lower the steady-state errors under the fuzzy
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Figure 15: Load’s surge.

Table 3: Comparison of performance indexes under different
controlling strategies.

PI
controller

Fuzzy
controller

Fuzzy-PI
controller

Initial
power-up

Adjustment
time (s) 0.4 0.2 0.2

Voltage
overshoot (V) 2.5 0 0

Steady-state
error (V) 0 0.8 0

Load’s
surge

Adjustment
time (s) 0.8 0.2 0.2

Voltage
variation (V) 7.5 4.5 3.5

Steady-state
error (V) 0 1.2 0

Load’s
sharp
reduction

Adjustment
time (s) 0.8 0.2 0.2

Voltage
variation (V) 1 0.5 0.3

Steady-state
error (V) 0 0.8 0
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control and improve the dynamic response performance
under the PI control.

1e results of the experiments mentioned above show
that when the system is disturbed, the fuzzy-PI dual-mode
controller can successfully enhance the adjusted speed and
controlled accuracy of the system, meeting the requirements
of rapid recovery of the DC bus voltage, better realizing the
voltage stability of the DC bus. 1e specific performance
indexes are shown in Table 3:

5. Conclusion

In terms of the problems of bus voltage stabilization in the
photovoltaic DCmicrogrid, this paper adopts the fuzzy-PI dual-
mode controller to upgrade the traditional dual closed-loop
control. For the voltage outer ring, according to the bus voltage
deviation, functioning mode automatically switches. When the
bus voltage deviation is large, the fuzzy controller is used to
obtain good transient performance. When the bus voltage de-
viation is small, the PI controller is used to obtain good steady-
state performance. 1e specific conclusions are as follows:

(1) Compared with the PI control and the fuzzy control,
fuzzy-PI dual-mode controller combines the ad-
vantages of these two controllers, which can validly
enhance the dynamic respond and restrain the
fluctuation and impact of the DC bus voltage, so as to
improve the robustness of the system

(2) 1e fuzzy controller in the discrete universe has
controlling blind areas near the equilibrium points.
1e larger the theoretical material universe interval is,
the greater the critical value of the blind areas is and
the more the system’s errors of the steady state are.
1e more elements in the fuzzy universe, the smaller
the critical value of the blind areas is, and the less the
steady-state error of the system is, which will lead to
an increase in the system’s calculation amount

(3) Simulation and experiments show that in the three
different transient processes, including initial power-up,
load’s surge, and load’s sudden reduction, the fuzzy-PI
dual-mode controller control has flexible control, strong
adaptability, and strong antijamming ability.
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