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The solar power generation includes certain randomness and volatility, coupled with dynamic load involved in power fluctuations,
which renders microgrid having certain unplanned instantaneous power during the process of real-time operation, so as to affect
the stability of DC bus voltage. This paper, through constructing a model of off-grid photovoltaic DC microgrid under impact
load characteristics, aiming at the fluctuate problems of the DC bus voltage caused by impact load, puts forward a fast response of
hybrid energy-storing system composed of supercapacitors and batteries and superiors peak regulation capability to shave the peak
and fill the valley of the microgrid. The researches on the strategy of double closed-loop voltage stabilization of blended energy
storage system are made and the shortcomings of the double closed-loop voltage control of voltage and electricity are analyzed.
And based on this, the tactics of new and double closed-loop voltage control of inner ring of power and the energy outer ring of DC
bus capacitance are put forward and examined by simulation and experiment. The experiments prove that this method can more
effectively suppress the influence of the fluctuations of impact load power on the DC bus voltage and further improves the system’s
stability.

1. Introduction

Affected by the randomness and volatility of solar power
generation, the photovoltaic power generation is difficult to
accurately predict, and added with the power fluctuations
containing dynamic load, the microgrid produces some
instantaneous fluctuation power beyond project during the
practical running, which results in increasing system’ losses,
overloading transformer, overheating electrical machinery,
protecting the failure of malfunctioning and sensitive equip-
ment, and even limiting the distributed output power of
power supply [1, 2]. Particularly, when the microgrid is
functioning independently, it is short of the support of the
large power grid. Hence, it is significant how to speedily
balance the unplanned instant power fluctuation of the
microgrid and keep the stability of the DC bus voltage of the
microgrid to ensure the electric quality.

Currently, the fluctuations of DC bus voltage triggered
by the mismatch between output power and load power of

photovoltaic DCMicrogrid are mainly compensated through
the blended energy storage system combined by storage
batteries and supercapacitors, which can make full use of the
high energy density of storage battery and the high power
density of supercapacitor to meet the technical requirements
of different levels [3–5]. Scholars have done a lot of researches
that set the studying hot spot as focusing on the control tactics
to the energy storage unit DC/DC converter [6–8].

With regard to the control strategy problems of energy
storage unit DC/DC converter, most of them adopt the
voltage-current double closed-loop control [9, 10] or its
improved strategy [11–17]. It takes the DC bus voltage as the
control outer ring and the inductor current of the energy
storage unit as the control inner ring in the voltage-current
double closed-loop control, where it is difficult to restrain the
effects of high-power disturbance on the DC bus voltage in a
short time.

In order to increase the antijamming performance
of DC/DC converter, many scholars have introduced the
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Figure 1: Topology structure of photovoltaic DC microgrid.

method of feedforward control into the traditional double
closed-loop control [18–21], of which the reference value
of current inner ring is able to quickly track the external
disturbance to upgrade the dynamic response performance
of the system. The feedforward can be divided into current
feedforward and power feedforward [22] according to the
different feedforward variables. Kouro S, Dong Dong, Guo
Li et al. [23–25] adopted current feedforward control method
to reduce DC voltage fluctuation caused by external distur-
bance, under which the impacts that load current exerts on
the DC bus voltage are eliminated by reasonably configuring
feedforward coefficients. However, because of the lag of the
voltage loop and the delay of the current loop, the response
from output current will lag behind the load disturbance.
Mademlis G, Sato A et al. [22, 26] utilized power feedfor-
ward control strategy; in other words, feedforward link of
disturbance power is brought in the current inner ring, which
accelerates the response speed of the system to the power dis-
turbance and lowers the DC side voltage fluctuation triggered
by load disturbance. This approach makes the current loop
rapidly track the external power disturbance, to some extent,
restraining the voltage fluctuation of DC bus. But like the
current feedforward, the power feedforward also has to pass
the current control ring, and under that, the output current
still lags behind. The feedforward control needs to collect
the real-time information of multiple microsources and loads
synchronously, which will increase cost and reduce reliability
of the system, and it is not conducive to the expansion
of microgrid system. Viewing on this situation, Ibrahim
O, Wang Chengshan et al. [27, 28] brought observation
methods such as state observer and nonlinear disturbance
observer into the control loop, so as to measure the required
parameters. Besides, based on this, the feedforward control
is adopted to enhance the systematic stability margin and
dynamic response characteristics simultaneously. But when
using the state variables of the observer Observation system,
the noises are inevitably added and affect the electric quality
of the microgrid.

The above upgraded strategies of the double closed-loop
control improve the system’s ability to suppress bus voltage
fluctuation, whereas these control means are only optimized
under the traditional voltage-current double closed-loop
control, which has limited the improved inhibition effects on
the bus voltage fluctuation. In the past, the steady voltage
control of the DC bus was a study that was mainly carried on
under the situation of small fluctuations in conventional load
power. And the steady voltage control of the DC bus rarely
referred to the impact of sudden access of impulsive load on
DC bus voltage. On the basis of the above situation, this paper
vitally studies the voltage stable of DC/DC bus under the
impact load and optimizes the control strategies of the DC
converter of energy-storing unit, which makes innovations
and contributions as the follows:(1) The model of photovoltaic DC microgrid is estab-
lished under impact load characteristics, and its uncertainty
elements are analyzed.(2) Following the study of the control strategy of the
DC bus based on the impact load, a new double closed-
loop control strategy, with the output power of energy-storing
system converter as the control inner ring and the capacitance
energy of the DC bus as the control outer ring, is put forward.
This strategy directly commands the capacitance energy of
bus, so as to adjust the stable voltage of DC bus and improve
the dynamic response performance.(3) The related simulations and experiments are con-
ducted to prove the effectiveness of the control strategy of the
power inner ring and energy outer ring.

2. Model Establishment

The topological structure of photovoltaic DC microgrid
adopted in this paper is mainly composed of photovoltaic
cell, battery, supercapacitor, loads, and converters, as shown
in Figure 1. The photovoltaic cell is connected with the
DC bus through the Boost booster circuit. Moreover, the
supercapacitor and the battery make up the hybrid energy
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Figure 2: Equivalent circuit of photovoltaic cell.

storage system and both of them parallel to the DC bus
through the bidirectional Buck/Boost Converter (BDC).This
paper employs the DC impact load.

2.1. Photovoltaic Model. Photovoltaic cell is made up of
semiconductor diodes, and its operating principle is the pho-
tovoltaic effect.TheP-Nknot of semiconductor switches light
energy into electrical energy under the sunlight exposure, of
which the output power ismainly affected by solar irradiance,
the surface temperature of photovoltaic panel, and other
factors. The equivalent model is shown in Figure 2 [29].

According to the equivalent circuit of photovoltaic cells,
the output characteristic equation 𝐼 − 𝑈 of photovoltaic cells
is shown as

𝐼 = 𝐼ph − 𝐼o [exp 𝑞 (𝑈 + 𝐼𝑅s)𝑛𝐾𝑇 − 1] − 𝑈 + 𝐼𝑅s𝑅sh
. (1)

Among them,

𝐼ph = 𝐺𝐺0 𝐼g0, (2)

where 𝐼 indicates the photovoltaic cell’ output electrical cur-
rent (A), 𝐼ph is the optical current (A), 𝐼o refers to the reverse
saturation current (A) without illumination, 𝐼g0 indicates
the motivate current (A) under the standard illumination
intensity, 𝑈 is the output voltage (V) of the photovoltaic cell,𝑞 represents the constant of electron charge, of which the
value is 𝑞 = 1.6 × 10−19C, 𝑛 is the factor of diode curve, 𝐾
is on behalf of the Boltzmann constant, 𝐾 = 1.38 × 10−23, 𝑇
refers to the absolute temperature (K) on surface of the solar
cell, 𝐺0 means the standard illumination intensity (W/m2),𝐺 is the illumination intensity (W/m2), 𝑅s indicates the
series resistance (Ω), and 𝑅sh serves as the parallel resistance
(Ω).
2.2. Battery Model. The battery features in large energy
density, long time storage energy, and slow response, which
primarily bears the load and peak shaving and valley filling
in the microgrid. The mathematical model of the battery in
this paper utilizes the internal resistance equivalent circuit.
The battery is equivalent to the series connection between
the ideal voltage source and resistance, and the circuit is
demonstrated in Figure 3.

In Figure 3, 𝐸bat indicates an empty load voltage (V); 𝐼bat
means that the battery charges and discharges current (A);𝑅in

UbatEbat

I batR in

Figure 3: The equivalent circuit of battery.

acts as an internal equivalent resistance (Ω); 𝑈bat is terminal
voltage (V) of battery. The formula for the voltage source 𝐸bat
is

𝐸bat = 𝐸0 − 𝑘 ⋅ 𝑄
𝑄 − ∫𝑡
0
𝑖𝑑𝑡 + 𝐴 exp(−𝐵 ⋅ ∫𝑡

0
𝑖𝑑𝑡) . (3)

In the formula, 𝐸0 represents constant voltage (V) of
the battery; 𝑘 is polarization voltage (V); 𝑄 represents
the capacity of battery; ∫𝑡

0
𝑖𝑑𝑡 means the actual charge

amount; 𝐴 represents the amplitude value of the exponential
region; 𝐵 means the reciprocal inverse of the time constant
within exponential region. According to the curve of the
battery discharging, the voltage 𝐸nom and capacity 𝑄nom
of the end point within standard discharging area can be
obtained.

Then, the expressing equation of the internal equivalent
resistance and output voltage of the battery are

𝑅in = 𝐸nom ⋅ 1 − 𝜂0.2𝑄nom
(4)

𝑈bat = 𝐸bat − 𝑅in ⋅ 𝐼bat, (5)

where 𝜂 is the efficient coefficient of battery, and its value is𝜂 = 0.995.
2.3. Supercapacitor Model. The supercapacitor has rela-
tively large power density and chiefly undertakes the high-
frequency power fluctuations in theDCmicrogrid. Especially
under the interference of impact load, the supercapacitor
can play the role of peak shaving and valley filling, maintain
the stability of DC bus voltage, reduce the times of battery
charging and discharging, and lower the cost of the DC
microgrid.This paper applies a circuit model of series RC and
its equivalent circuit is shown in Figure 4 [30].

According to Figure 4, the characteristic equation 𝐼 − 𝑈
of supercapacitor is established as

𝑈sc = 𝐼sc𝑅sc + 1𝐶 ∫ 𝐼sc𝑑𝑡, (6)

where 𝑈sc indicates the output voltage (V) of the superca-
pacitor; 𝐼sc is the output current (A) of the supercapacitor;𝑅sc and 𝐶 represent the equivalent resistance and equivalent
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Figure 5: Impact load model.

capacitor, respectively.The energy expressions of supercapac-
itor and charging and discharging processes are shown in the
following formulas, respectively:

𝐸sc (𝑘𝑡) = 𝐸sc [(𝑘 − 1) 𝑡] + 𝑃sc (𝑘𝑡) × 𝑡 × 𝑛scc (7)

𝐸sc (𝑘𝑡) = 𝐸sc [(𝑘 − 1) 𝑡] + 𝑃sc (𝑘𝑡) × 𝑡 × 𝑛scd, (8)

where 𝐸sc(𝑘𝑡) and 𝐸sc[(𝑘 − 1)𝑡] refer to the storage energy
of the supercapacitor at the moment of 𝑘𝑡 and (𝑘 − 1)𝑡,
respectively; 𝑃sc is the charging and discharging power (W)
of the supercapacitor; 𝑛scc and 𝑛scd indicate the efficiency
coefficient of charging and discharging of the supercapacitor,
respectively.

2.4. Mathematical Model of Impact Load. In the photovoltaic
DCmicrogrid system, the starting power of impact load may
reach three times bigger than the rated power at the moment
of access instantaneous. That the photovoltaic output power
does not mismatch the rapid changes of load power will
lead to huge fluctuations in the DC bus voltage and further
cause the oscillation of power transformation system, even
crashing, which is not conducive to the stable operation
of the microgrid. In this paper, DC electrical machinery is
selected as DC impact load, and it attaches importance to
the influences of connecting DC electrical machinery and
shutting moment on the bus voltage of photovoltaic DC
microgrid. According to Figure 5, the DCmotor is equivalent
to RL circuit model, and S equals the DC switch, 𝐿1, and C
consist of filter circuit through DC/DC converter connecting
the DC bus.

Where 𝑈i represents input voltage of impact load; 𝑖1 is
load current (A); 𝑖2 indicates the electrical machinery current
(A); 𝑢c means the voltage (V) of the motor end, when the

switch S is switched on, the load is connected, according to
KCL and KVL, it gets

𝑈𝑖 = 𝐿1 𝑑𝑖1𝑑𝑡 + 𝑢c
𝑖1 = 𝐶𝑑𝑢𝑐𝑑𝑡 + 𝑖2
𝑢𝑐 = 𝐿2 𝑑𝑖2𝑑𝑡 + 𝑖2𝑅.

(9)

Setting 𝑥1 = 𝑖1, 𝑥2 = 𝑢c, 𝑥3 = 𝑖2, according to formula
(9), the state space equation is

∙𝑥= 𝐴1𝑥 + 𝐵1𝑈i, (10)

where 𝑥 is state vector; 𝐴1 is system matrix; 𝐵1 is control
matrix. And 𝑥 = [x1 x2 x3]T.

𝐴1 =
[[[[[[
[

0 −1𝐿1 0
1𝐶 0 −1𝐶0 1𝐿2

−𝑅𝐿2

]]]]]]
]
,

𝐵1 = [[[
[

1𝐿10
0
]]]
]
.

(11)

When the switch S is turned off, the load is disconnected,
and according to KCL and KVL, it can get

𝑈𝑖 = 𝐿1𝑑𝑖1𝑑𝑡 + 𝑢𝑐
𝑖1 = 𝐶𝑑𝑢𝑐𝑑𝑡 .

(12)

While the S is switched off, the state equation of the
system is

∙𝑥= 𝐴2𝑥 + 𝐵2𝑈i. (13)

Of them,

𝐴2 = [[[[
[

0 − 1𝐿1 0
1𝐶 0 0
0 0 0

]]]]
]
,

𝐵2 = [[[
[

1𝐿10
0
]]]
]

(14)

The working cycle 𝑇 = 𝑇on + 𝑇off of the impact load is
defined, in which 𝑇on is the conducting time of the switch
and 𝑇off is the disconnecting time of switch. Hence, the
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conducting ratio of the switch is defined as 𝑑 = 𝑇on/(𝑇on +𝑇off ). Averagely weighting formula (10) and formula (13) by
using the conducting ratio, a uniform state equation can be
worked out:

∙𝑥= 𝐴𝑥 + 𝐵𝑈i. (15)

Among them,

𝐴 = 𝑑𝐴1 + (1 − 𝑑)𝐴2 =
[[[[[[
[

0 − 1𝐿1 0
1𝐶 0 − 𝑑𝐶
0 𝑑𝐿2

−𝑑𝑅𝐿2

]]]]]]
]
.

𝐵 = 𝑑𝐵1 + (1 − 𝑑) 𝐵2 = [[[
[

1𝐿10
0
]]]
]
.

(16)

2.5. �e Analysis of Uncertainty. When the DC microgrid
functions independently, the fluctuation of the photovoltaic
output and the dynamic change of the load will lead to the
power imbalance of the system and the voltage fluctuation of
the DC bus and will affect the steady operation of the whole
system. More seriously, they even give rise to the protection
device action of the system and eventually completely col-
lapse the system. The uncertainties in this paper are taken
into consideration from the photovoltaic output and load
power.

The power generation of photovoltaic cells is directly
related to the irradiation intensity. In terms of the uncertainty
analysis of the output power of photovoltaic cells, the Beta
distribution function is usually adopted to describe irradi-
ance:

𝑓 (𝐺) = Γ (𝛼 + 𝛽)
Γ (𝛼) Γ (𝛽) ( 𝐺𝐺max

)𝛼−1 (1 − 𝐺𝐺max
)𝛽−1 , (17)

where

𝛼 = 𝜇2𝜎2 (1 − 𝜇) − 𝜇
𝛽 = 1 − 𝜇𝜇 𝛼.

(18)

In the equation, 𝑓(𝐺) represents probability function;𝐺 is real irradiance; 𝐺max is used as maximum irradiance;Γ(∙) is Gamma function; 𝛼, 𝛽 refer to figurate parameter; 𝜇
is a random variable mean; 𝜎2 is variance of the random
variable.

If then irradiance meets

𝐺min < 𝐺 < 𝐺𝑆, (19)

where 𝐺min indicates the lowest irradiance and 𝐺𝑆 is rated
irradiance, with taking the discrete step length as (𝐺𝑆 −

𝐺min)/𝑁𝐺 and dividing it into 𝑁𝐺 states, then the occurred
probability of each state is as follows:

𝐺 (𝑖) = [(𝑖 − 1/2)𝑁𝐺 ] (𝐺𝑆 − 𝐺min) + 𝐺min

𝐹𝐺 (𝑖) = ∫(𝑖/𝑁𝐺)(𝐺𝑆−𝐺min)+𝐺min

[(𝑖−1)/𝑁𝐺](𝐺𝑆−𝐺min)+𝐺min

𝑓 (𝐺) 𝑑𝐺,
(20)

where 𝑁𝐺 is the number of states within the irradiance
interval; 𝑓(𝐺) represents the probability density function of
irradiance; 𝐹𝐺(𝑖) means the probability of the occurrence of
the 𝑖, 𝑖 = 1, 2, . . . , 𝑁𝐺.

If the irradiance is lower than 𝐺min, it does not meet
formula (19).The photovoltaic power generation is the𝑁𝐺+1
state, and at that moment the probability of occurrence of the
irradiance and state is as follows:

𝐺 (𝑁𝐺 + 1) = 0
𝐹𝐺 (𝑁𝐺 + 1) = ∫𝐺min

0
𝑓 (𝐺) 𝑑𝐺. (21)

However, if the irradiance is higher than 𝐺𝑆, then the
photovoltaic power generation is in the 𝑁𝐺 + 2, where the
probability of occurrence of the state and irradiance is as
follows:

𝐺(𝑁𝐺 + 2) = 𝐺𝑆
𝐹𝐺 (𝑁𝐺 + 2) = ∫+∞

1
𝑓 (𝐺) 𝑑𝐺. (22)

From the above, the photovoltaic output power and its
related state probability can be calculated at each moment.
The uncertainties of the load power approximately comply
with the normal distribution function:

𝑓 (𝑃) = 1√2𝜋𝜎 exp[−(𝑃 − 𝜇)22𝜎2 ] . (23)

About 99.73% value of numerical distribution is dis-
tributed within a range of 3 standard deviations from the
average distance. In addition, it is assumed that the load
power at each moment of the system is distributed within 3
standard deviations from the average load at that time:

𝑃𝐿 (𝑡) ∈ [𝜇𝐿 (𝑡) − 3𝜎𝐿 (𝑡) , 𝜇𝐿 (𝑡) + 3𝜎𝐿 (𝑡)] . (24)

In this equation, 𝑃𝐿(𝑡), 𝜇𝐿(𝑡), and 𝜎𝐿(𝑡) represent 𝑡
moment load power, load mean, and load standard deviation.

By dividing the mean value of load at each moment into𝑁𝐿 states, the probabilities of load in every state and its
occurrence are as follows:

𝑃𝐿 (𝑖) = 𝜇𝐿 − 3𝜎𝐿 + 6𝜎𝐿 (𝑖 − 1/2)𝑁𝐿
𝐹𝐿 (𝑖) = ∫𝜇𝐿−3𝜎𝐿+6𝜎𝐿𝑖/𝑁𝐿

𝜇𝐿−3𝜎𝐿+6𝜎𝐿(𝑖−1)/𝑁𝐿

𝑓 (𝑃𝐿) 𝑑𝑃𝐿,
(25)
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where 𝑁𝐿 refers to the number of states in the load power
interval; 𝑓(𝑃𝐿) represents the probability distribution func-
tion of load power; 𝐹𝐿(𝑖) is the probability that occurred by
the 𝑖 state, 𝑖 = 1, 2, . . . , 𝑁𝐿.

In a word, the load power and its corresponding state
probability can be calculated at each time.

If the stability of the DC bus voltage is to be maintained
without considering the energy storage system, the photo-
voltaic output power is the same as the load consumption
power, that is,

𝑃𝐺 (𝑡) = 𝑃𝐿 (𝑡) . (26)

Among them, 𝑃𝐺(𝑡) is the output power of photovoltaic
at the 𝑡 moment; 𝑃𝐿(𝑡) is the power consumption of load
at the 𝑡 moment. According to the uncertainty analysis
above, the system is difficult to real-timely guarantee whether
(26) is valid or not. Therefore, the energy storage device
is introduced to compensate the unbalanced power of the
system, and formula (26) is listed as

𝑃𝐺 (𝑡) ± 𝑃𝑆 (𝑡) = 𝑃𝐿 (𝑡) , (27)

where 𝑃𝑆(𝑡) indicates the power of the energy storage system.
When the symbol before 𝑃𝑆(𝑡) is “+”, the power gets released;
when the symbol before 𝑃𝑆(𝑡) is “-”, the power is absorbed.

Comparing (26) with (27), it can be found that introduc-
ing energy storage system can better guarantee the power
balance in the microgrid, thus maintaining the stability of the
DC bus voltage.

3. The Stabilization Control of DC Bus Voltage

The main circuit structure of photovoltaic DC microgrid
system in the isolated island state is shown in Figure 6. 𝑈bat
indicates the end voltage (V) of the battery;𝑈sc represents the
end voltage (V) of supercapacitor; 𝑢e is the lower bridge arm
collector and emitting extreme voltage (V) of the converter;𝐿bat and 𝐿 sc appear as the energy storage inductance (H) of

the batteries and the supercapacitors converter, respectively;𝑅bat and𝑅sc show the parasitic resistance (Ω) of two inducers.
The dynamic equations on the DC bus can be gained by

analyzing the circuit:

𝐶dc
𝑑𝑢dc𝑑𝑡 = (𝑖b dc + 𝑖sc dc + 𝑖pv dc) − 𝑖load, (28)

where𝐶dc refers to theDCbus capacitance; 𝑖b dc, 𝑖sc dc, 𝑖pv dc,
and 𝑖load accordingly represent the charging and discharging
current of the DC side of battery, the charging and dis-
charging current of the super capacitance, and the output
current and load current of the photovoltaic cell; 𝑢dc is DC
bus voltage. According to formula (28), the DC bus voltage is
influenced by both the output current and load current of the
photovoltaic cell. The voltage stability of the DC bus can be
maintained by controlling charging and discharging current
of the batteries and the supercapacitors.

When the impact load occurs in the system, the load
current will make relatively large fluctuations at the moment
of load starting or shutting. Therefore, the control of the
energy storage system plays a key role in maintaining the
voltage stability of the DC bus. And only through effectively
controlling the energy storage system can it compensate
or absorb the DC bus power in time to ensure the stable
operation of the system.

3.1. �e Control Strategy of Classic Double Closed-Loop. The
classical double closed-loop control takes the inductance
current of the batteries or the supercapacitors as the control
inner ring and takes the DC bus voltage as the control outer
ring, taking the supercapacitors as an example, shown in
Figure 7 [8]. In the figure, 𝑈∗dc indicates the setting value
(V) of the DC bus voltage; 𝑃d is the perturbation power
(W); 𝐺𝑢1(𝑠) and 𝐺𝑖(𝑠) is on behalf of the transfer function of
the outer ring of voltage and inner ring PI controller of the
current, respectively, and 𝐾 is proportional gain.

According to Figure 7, the closed-loop transfer function
of the inner ring controller of the current is

𝜙𝑖 (𝑠) = 𝐺𝑖 (𝑠)𝐺𝑖 (𝑠) + 𝑠𝐿 sc + 𝑅sc
, (29)

of which,

𝐺𝑖 (𝑠) = 𝐾𝑖 + 𝑇𝑖𝑠
𝐺𝑢1 (𝑠) = 𝐾𝑢1 + 𝑇𝑢1𝑠 ,

(30)

where 𝐾𝑖 and 𝑇𝑖 are proportional coefficient and integration
coefficient of the inner ring PI controller of the current;𝐾𝑢1 and 𝑇𝑢1 represent the ratio coefficient and integration
coefficient of the PI controller of voltage outer ring. Formula
(30) is put into formula (29) as

𝜙i (𝑠) = 𝐾𝑖𝑠 + 𝑇𝑖𝐿 sc𝑠2 + (𝑅sc + 𝐾𝑖) 𝑠 + 𝑇𝑖 . (31)

When analyzing the voltage outer ring, the current inner
ring is utilized as the proportional link to simplify the analysis
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process, and it is set as 𝐾2, and then the transfer function of
the voltage outer loop is

𝑈𝑑𝑐 (𝑠)
= 𝐾𝑢1𝐾1𝐾2𝑠 + 𝑇𝑢1𝐾1𝐾2𝐶dc𝑠2 + 𝐾𝑢1𝐾1𝐾2𝑠 + 𝑇𝑢1𝐾1𝐾2𝑈∗dc (𝑠)

+ 𝑠𝑈dc (𝐶dc𝑠2 + 𝐾𝑢1𝐾1𝐾2𝑠 + 𝑇𝑢1𝐾1𝐾2)𝑃𝑑 (𝑠) .
(32)

By analyzing the transfer function, it can be learned that
the double closed-loop control involves certain inhibition
ability to the perturbation power. However, the control of
perturbation power needs to be indirectly adjusted through
the voltage outer ring, which increases the adjusting time.
Therefore, this paper will consider the output power of
converter as the control inner ring. When the load power
fluctuation is larger, it can directly act on the preset of
converter power, which makes the power regulation avoid
the control process of the voltage outer ring and effectively
inhibits the bus voltage fluctuations brought by the load
change.

3.2. �e Strategy of Power Inner Ring Control of Converter.
The capacitance energy of DC bus can be expressed as [31]

𝐸dc = 12𝐶dc𝑈2dc. (33)

In the normal working process of the microgrid, through
ignoring the power loss of the circuit devices themselves, and
considering that the output power balance of the converter
is equal to that of the power balance between photovoltaic
and load, the capacitance energy of the DC bus remains
unchanged, and the voltage of DC bus is stable [32]. The

voltage of theDCbus is able to be controlled via commanding
the stability of capacitance energy of the DC bus. Hence, this
paper proposes a double closed-loop control strategy with the
output power of converter as the control inner ring and the
capacitance energy of the DC bus as the control outer ring,
taking the supercapacitor as an example, shown in Figure 8.
In Figure 8,𝑃e is the compensation power (W) of the superca-
pacitor obtained after the power distribution and calculation
of the perturbation power, and the output of the power inner
ring is the instantaneous output power of the converter. In
order to improve the mutational response performance of
the system to the load power, the transfer function power of
feedforward is introduced. And the changes of load power
feedforward to the wave generating link of the converter,
which constitutes a system with combining feedforward and
feedback.

In Figure 8, 𝐸dc represents the capacitance energy of
the DC bus; 𝑃cap is the instantaneous power of the bus
capacitance (W); 𝑃BDC is on behalf of the output power
of the bidirectional DC/DC converter; 𝐺𝑃(𝑠) acts as the
transfer function of the PI controller of power inner ring;𝐺𝑢2(𝑠) indicates the transfer function of the outer ring PI
controller from the bus capacitance energy, of which the
formula expression is

𝐺𝑃 (𝑠) = 𝐾𝑃 + 𝑇𝑃𝑠
𝐺𝑢2 (𝑠) = 𝐾𝑢2 + 𝑇𝑢2𝑠 .

(34)

In the formula above, 𝐾𝑝 and 𝑇𝑝 are on behalf of the
proportional coefficients and integral coefficients of the PI
controller of power inner ring, respectively;𝐾𝑢2 and 𝑇𝑢2 refer
to the proportional coefficients and integral coefficients of the
PI controller of outer ring, respectively.



8 Mathematical Problems in Engineering

System: sys
Frequency (rad/s): 1.94e+03
Magnitude (dB): -3

Bode Diagram

−30

−20

−10

0

M
ag

ni
tu

de
 (d

B)

−90

−45

0

Ph
as

e (
de

g)

103 104 105102

Frequency (rad/s)

Figure 9: Frequency domain characteristic curve of power inner
ring control of the system.

According to Figure 8, the closed-loop transfer function
of the controller of the power inner ring is

𝑃BDC𝑃∗BDC
= 𝑈sc𝐾𝑝𝑠 + 𝑈sc𝑇𝑝
𝐿 sc𝑠2 + (𝑈sc𝐾𝑝 + 𝑅sc) 𝑠 + 𝑈sc𝑇𝑝 . (35)

The damping coefficient 𝜁𝑝 and natural frequency 𝜔𝑛𝑝 of
power inner ring are

𝜁𝑃 = 𝑈sc𝐾𝑝𝑅sc

2√𝐿 sc𝑈sc𝑇𝑝 .

𝜔𝑛𝑝 = √𝑈sc𝑇𝑝𝐿 sc

(36)

In order to strengthen the control effects, the bandwidth
frequency of two loops requires thinking over, so as to avoid
the interference between the inner ring and the outer ring.
Setting the simulation parameters of system as 𝐿 sc = 0.003H,𝑅sc = 0.01Ω, and 𝑈sc = 200V, according to the 𝜁𝑝 = 0.707PI
parameter setting, the PI parameters of the power inner ring
are calculated as

𝐾𝑝2 = 0.02,
𝑇𝑝2 = 13.4. (37)

The frequency domain characteristic curve of the power
inner ring control of the system can be got as in Figure 9,
and the bandwidth frequency of the system is 𝜔𝑏𝑝 = 1.94 ×103𝑟𝑎𝑑/𝑠.

In terms of the double closed-loop control system, when
the bandwidth of inner ring control is much larger than the
outer ring and the gain of the inner ring in the control band-
width is 0 ( the amplifying coefficient is 1), the amplifying
coefficient of inner ring within the response spectrum in the
systematic external ring is 1. So the power inner ring can be
approximated to a proportional link that has a magnifying
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Figure 10: Characteristic curve of the frequency domain of bus
capacitance energy control in the power inner ring.

coefficient of 1, and the transfer function of outer loop is as
follows:

𝐸dc = 𝐾𝑢2𝑠 + 𝑇𝑢2𝑠2 + 𝐾𝑢2𝑠 + 𝑇𝑢2𝐸∗dc +
(𝐺𝑑 (𝑠) − 1) 𝑠𝑠2 + 𝐾𝑢2𝑠 + 𝑇𝑢2𝑃𝑒. (38)

The capacitance energy of DC bus in the formula is com-
posed of two parts, which reflects the tracking characteristic
of 𝐸∗dc and the perturbation characteristic of 𝑃e to the system,
respectively. When satisfying 𝐺𝑑(𝑠) = 1, the disturbance
components contained in the systempower can be completely
eliminated. Therefore, the parameter setting of the control
system can be carried out based on the coefficient of 𝐸∗dc. The
damping coefficient 𝜁𝑢2 andnatural frequency𝜔𝑛2 of the outer
ring are demonstrated as

𝜁𝑢2 = 𝐾𝑢22√𝑇𝑢2
𝜔𝑛2 = √𝑇𝑢2.

(39)

According to the optimal damping ratio 𝜁𝑢2 = 0.707 of the
adjusting PI parameters, it can be obtained that 𝐾𝑢2 = 35.35,𝑇𝑢2 = 625, of which the frequency of domain characteristic
curve of the system is shown in Figure 10, and at this time the
bandwidth frequency of the capacitance energy outer ring is𝜔𝑏2 = 51.4𝑟𝑎𝑑/𝑠. Hence, when using the power inner ring
control, the bandwidth of the control of the outer ring ismuch
smaller than that of the inner ring, so as to avoid the mutual
interference of the internal and external loop control.

4. Result and Discussion

To prove the effectiveness of the new double closed-loop
control strategy, in this paper, a photovoltaic DC microgrid
model under the impact load is constructed which makes
simulations and experiments’ comparison between the clas-
sical double closed-loop control strategy and the power inner
ring control strategy, respectively.
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Table 1: The main devices’ parameters in the experiments.

Devices Numerical value
DC bus capacitance(𝜇F) 1000
Battery rated voltage (V) 12
Rated capacity(Ah) Battery 38
Super capacitance(F) 7.5
Rated power (W) of DC motor 30
Rated voltage(V) of DC motor 24
Rated current(A) of DC motor 2.1

0.6 0.8 1.20.4 1
t (s)

0

2

4

6

8
P 

(K
W

)

Figure 11: Power diagram of motor suddenly adding and reducing load.

4.1. Simulation Result and Discussion. On the basis of MAT-
LAB/simulink, the simulation model shown in Figure 6
is established. And the motor speed is set as constant
2000r/min. With suddenly adding or reducing given value of
the load of motor during normal operation, the suppression
abilities of DC bus voltage of two control strategies are
compared by simulation.

Figure 11 is used to show themotor load power waveform.
The motor will reach the rated speed under the low load
situation after power on, when the motor output power is
2.3KW. When on 0.6s, the sudden increased load to the
motor can make the output power reach 7.4KW.While on 1s,
unloading the motor load can render the motor restore low
load operation state.

Figures 12 and 13 refer to the simulationwaveforms adopt-
ing current inner ring and power inner ring, respectively. In
terms of the two figures, 𝑢dc is used as the voltage (V) for DC
bus; 𝑖bat is the current (A) of battery; 𝑖sc indicates the current
(A)of super capacitor. As the distributed photovoltaic power
source uses perturbation observation method to track the
maximum power point, the DC bus voltage will be repeatedly
shaken near the maximum power point.

Before 0.6s, the motor is in a low load operating state, the
output power of the photovoltaic cell is bigger than the power
consumption of motor, the energy storage system charges,
and system steadily operates. On the 0.6s, themotor suddenly
adds the load, the output power of the photovoltaic cell is less
than the load power consumption, and energy storage system
discharges. The DC bus voltage using the control strategy of
the current inner loop has 14Vof voltage drop, and the voltage

drop of the DC bus is less than 3V when the control strategy
of the power inner ring is employed. Besides, on the 1s, the
motor suddenly reduces the load, the DC bus utilizing the
current inner ring strategy has 15V of voltage surge, and the
increment of the DC bus voltage that uses the power inner
ring control strategy is less than 3V.

4.2. Experiment Result and Discussion. The controller of the
experiments utilizes theDS1104 control board of theDSPACE
control platform. And the energy storage device is composed
of batteries and supercapacitors through theway that the pho-
tovoltaic cell simulator simulates the output characteristics of
the photovoltaic cell.The schematic diagram and the physical
diagram of the experimental device are shown in Figures
14(a) and 14(b). Of them, the main control board, acting as
the core part of the experimental device, mainly includes the
photovoltaic input interface and boost circuit, hybrid energy
storage input interface and BDC circuit, and load output
interface and buck circuit. Photovoltaic simulators, batteries,
and supercapacitors are parallel to the DC bus through
DC/DC converters, respectively. The DC motor serves as the
impact load to test the control strategy of the performance
of DC bus voltage stabilizer. The structural figure and the
physical figure for the main control board are as shown
in Figures 15(a) and 15(b). In addition, the main device
parameters in the experiment are shown in Table 1.

Figure 16 presents the experimental waveform that adopts
the power inner ring control strategy: 𝑢dc is the DC bus
voltage (V), 𝑖bat indicates the battery current (A), and 𝑖sc is the



10 Mathematical Problems in Engineering

480

490

500

510

520

u d
c

(V
)

−20

−10

0

10

20

30

i b
at

(A
)

−5

0

5

10

15

20

i sc
(A

)

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.50.5
t (s)

Figure 12: The control strategy of current inner ring.
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Figure 14: Experimental device diagram.

supercapacitance current (A). Under the initial conditions,
the stable value of the DC bus voltage is set as 24V when the
system power keeps balance, photovoltaic output is sufficient
to maintain the bus voltage stability, and battery current 𝑖bat
and current 𝑖sc of the supercapacitors are in the mixed energy
storage output 0A.

As the load power on the DC bus increases when the DC
motor is launched at 1.1s, the output power of the photovoltaic
cell is less than the consumption power of the load, resulting
in producing 1.9V voltage drop. At that moment, the batteries
and the supercapacitors discharge to sustain the stability of
the DC bus voltage. The battery maximally outputs current
3.8A and then gradually drops to 0.5A, while the superca-
pacitors maximally output current7.5A and gradually drop to
0.5A, and the DC bus voltage stabilizes rapidly in 24V.

On the 4.5s, the DC motor is turned off, the DC bus
voltage produces 0.3V voltage rise, the output currents of
batteries and supercapacitors are reduced to 0A, and the DC
bus voltage is stable in the 24V.

Figure 17 is an experimental waveform of the start and
stop of themotor when the current inner ring control strategy
is adopted. When starting the motor at 1.1s, the DC bus

produces 5.3V voltage drop, and the energy storage part
compensates the system power.Therefore, the output current
of the battery maximally reaches 6.3A, and the maximum
output current of the supercapacitors reaches 7.2A. Because
the energy storage part of the power compensation is too
large, the DC bus voltage produces 1.1V voltage overshoots
when it recovers, which results in the appearance of charging
phenomenon of the supercapacitors, and manifests the bus
voltage oscillation and gradual stability in 24V.When the DC
motor is turned off at 4.3s, the DC bus voltage produces 0.3V
voltage rise and quickly returns to stability, and the batteries
and supercapacitors current drops to 0A.

Comparing the two experimental results, it can be
observed that when the power fluctuation of the DC bus
occurs, using the power inner ring control strategy is better
conducive to allocate the compensating power of the bat-
tery and the supercapacitance, and giving full play to the
advantage of the supercapacitors power density is beneficial
to speedily compensate for the bus power. However, when
adopting the inner loop control strategy of current, the
energy storage part is sensitive to the current responses,
which brings excessive compensation, overshooting the DC
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Figure 15: Main control panel.

bus voltage, and the charging phenomenon of supercapaci-
tors as well as the reducing stability of the system.

The experiments in Figure 17 show that adopting the
control strategies of power inner ring and the DC bus
capacitors energy outer loop can effectively improve the
voltage recovery competence of the DC bus when the load
side produces larger power fluctuation.

5. Conclusion

In the past, the model of photovoltaic DC microgrid is rarely
involved in the impact load, of which the voltage stability
control of the DC bus is mainly concentrated on the research
under conventional load power of the small fluctuation. In
the light of this situation, this paper establishes a model
of photovoltaic DC microgrid based on the impact load to
study the problem of the steady voltage of DC bus under the
impact load. It also optimizes the control strategy of energy
storage converter and proposes a new double closed-loop
control strategy for power inner ring and energy outer ring.
Compared with the feedforward control and the observer
control method, the power inner loop control does not need

the extra real-time information of the acquisition system,
lowers the system cost, improves its reliability, and does not
introduce additional noises. The power inner ring control
directly maps the changing trend of the output power to
the wave-generating link, further improving the dynamic
response characteristics of the converter. Besides, simulations
and experiments verify the effectiveness of the power inner
ring control strategy, and compared with the voltage-current
double closed-loop control strategy and its improvement
strategy, the impact of impulsive load on DC bus voltage
fluctuation can be better suppressed.
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