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A Three-Level Hierarchical Power Smoothing
Control Strategy for Pavement Photovoltaics

Under Vehicle Shadow Disturbance
Mingxuan Mao , Yuhao Tang, Fuping Ma, Haojin Sun, Guoxiang Hua, and Peng Li

Abstract—In this article, a three-level hierarchical power
smoothing control strategy is proposed for optimizing the pavement
photovoltaic (PV) power fluctuation under vehicle shadowing dis-
turbance. By applying the virtual impedance current-voltage droop
control strategy to the inverter control link and impedance shaping
the inverter branch and hybrid energy storage branch, a three-level
crossover mechanism is constructed to achieve automatic crossover
absorption of pavement PV power fluctuations and smooth control.
Finally, the effectiveness of the proposed strategy is verified through
simulation and experiment, and the influence of virtual impedance
parameters on the system crossover mechanism is analyzed. The
experimental results show that the proposed control strategy re-
duces the total harmonic distortion of the system output current
from 17.09% to 8.23%, which greatly improves the power quality
of the output power. The feasibility of the control strategy is verified
in the scenario of indoor pavement PV system.

Index Terms—Hybrid energy storage, pavement photovoltaics
(PPVs), power smoothing control, virtual impedance.

I. INTRODUCTION

PAVEMENT photovoltaic (PPV) power generation is an en-
gineering practice application for smart roads [1], although

it can make efficient use of land resources and achieve better
environmental and economic benefits, it also brings new chal-
lenges [2]. In road traffic, some problems, such as volatility and
uncertainty of photovoltaic (PV) power generation are amplified.
Unlike the traditional PV multipeak problem caused by cloud
shading, vehicle shadows with strong stochastic, fast-varying
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characteristics make PPV arrays not only have multipeak charac-
teristics but also their P-V characteristics change at a faster rate,
increasing the difficulty of executing maximum power tracking.
As a result, PV power fluctuation characteristics become more
complex, and the smoothing control of PV power becomes more
challenging.

An energy storage system (ESS) is required to ensure stable
PV power generation when connected to a microgrid. The sys-
tem can smooth PV fluctuations, improve power quality, enhance
system stability, regulate direct current (dc) bus voltage, assist
frequency control, etc., thus effectively integrating PV power
generation with the grid [3].

Because of their capacity to balance steady-state and dynamic
responsiveness, battery-supercapacitor hybrid energy storage
systems (HESSs) [4], [5] have drawn much interest and ap-
plications. According to the different advantages of batteries
and supercapacitors, the types of power demand distributed in
HESSs also have different focuses, and it remains a significant
issue to determine how to achieve effective fluctuating power
distribution.

In recent years, researchers have proposed various control
strategies to achieve power distribution between hybrid energy
storage. Depending on how the system is organized, these
control strategies fall into two primary categories: centralized
control and distributed control.

A. Centralized Power Smoothing Control Strategies

In the centralized control strategy, PV power is sampled by a
central controller, which then uses a variety of signal processing
techniques to extract the low-frequency and high-frequency
components of the fluctuating power. Power commands are
then sent to the hybrid energy storage through communication
technology.

The centralized control strategy is further separated into
filter-based control algorithms and optimization-based control
algorithms [6]. The filter-based approach divides the system’s
power fluctuation response demand into high-frequency and
low-frequency components, which are then responded to by
the supercapacitor and battery, respectively. The most com-
monly used filtering techniques include high/low-pass filters
(HPF/LPF) [7], wavelet transforms (WT) [8], empirical modal
decomposition (EMD) [9], and sliding averaging (SA) [10],
among others.
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The optimization-based control algorithms use control meth-
ods such as model predictive control (MPC) [11], [12], artificial
neural networks (ANN) [13], and fuzzy logic control (FLC) [14],
[15] to achieve power distribution inside the HESS.

Since the implementation of the above-mentioned control
strategies requires a centralized controller, these control strate-
gies are classified as centralized control strategies. To ensure
good control performance, it is important to ensure accurate and
timely communication between the central controller and the
local controller. However, the inevitable communication delay
and single point of failure will reduce the performance of the
centralized control strategy and reduce the reliability of the
microgrid system [16], [17].

B. Distributed Power Smoothing Control Strategies

Unlike the centralized control strategy, the distributed control
strategy based on droop control relies only on local information,
which avoids the need for communication between controllers
and reduces the communication burden and computational bur-
den of the system. By introducing virtual impedance in the droop
control, the performance of the system, such as power distribu-
tion accuracy, can be significantly improved. Virtual impedance
is a concept that utilizes the impedance relationship between
voltage and current. It is an artificially introduced impedance
added in the control process to simulate the existence of a virtual
component. Unlike the actual impedance, the addition of virtual
impedance does not cause additional losses to the power system,
nor does it lead to any additional increase in engineering cost or
equipment size. It also has the advantage of being able to reshape
the output characteristics of the converter. Li et al. [18] combined
adaptive droop control with adaptive virtual impedance, thereby
achieving a reasonable power distribution among distributed
power generation units.

In the V-I droop control-based strategy, the virtual resistance
droop controller and virtual capacitor droop controller are ap-
plied to the battery and supercapacitor, respectively, to realize
the power distribution between the two automatically. Xu et al.
[19] added a SOC recovery loop to the supercapacitor control,
which helps in the automatic recovery of the supercapacitor
charge state and enables its continuous operation. In [20], the
effect of line impedance on power distribution was discussed
and the controller loop was designed accordingly. Voltage sags
caused by droop coefficients are recovered in [21] and the control
strategy is extended to multiple HESSs. For a cluster of energy
storage units with high retarding rates, an integral droop control
strategy was proposed by Lin et al. [22], whose coordinated
control with the conventional V-P droop control strategy helps
in transient power allocation in a decentralized manner in a
single HESS. Zhang and Li [23] used virtual impedance loops
to add virtual resistances and virtual capacitances in series be-
tween the converter and the dc bus, thus ensuring plug-and-play
characteristics while decoupling the power flow between the
supercapacitor and other distributed generation units.

Similar to V-I droop control, current-voltage (I-V) droop con-
trol is a widely used control method in microgrid applications,
which uses the dc bus voltage as a feedback signal to achieve

TABLE I
CLASSIFICATION AND COMPARISON OF POWER SMOOTHING CONTROL

STRATEGIES

accurate current equalization. In [24], virtual impedance instead
of constant droop coefficients in I-V droop control to achieve
dynamic power sharing between batteries and supercapacitors.
Gu et al. [25] used a frequency domain integer for the virtual
output impedance of the ESS. The battery and supercapacitor
absorb low-frequency and high-frequency power fluctuations,
respectively, to coordinate time-scale and power-scale in dis-
tributed microgrid systems. In [26], a mode-adaptive decentral-
ized control strategy was proposed to achieve power sharing
between different power sources through dc bus voltage signals
and formulate the microgrid’s operation mode to achieve seam-
less conversion of control modes. Gao et al. [27] conducted a
comparative study on I-V droop control and V-I droop control, fo-
cusing on steady-state power-sharing performance and stability.
By deducing the output impedance and corresponding dynamic
characteristics of the system, a generalized analytical impedance
model is proposed to explore the stability of the system. Wang
et al. [28] compared the dynamic response performance of I-V
droop control and V-I droop control by establishing a state-space
model. The advantages of I-V droop control in dynamic response
are proved, and an adaptive PI controller is proposed, which can
improve dynamic response and ensure good steady-state per-
formance. Table I summarizes some power smoothing control
strategies proposed in recent years and conducts a comparative
analysis of their advantages and disadvantages.

With the advantages of no communication and low delay, the
distributed control strategy has better control accuracy and lower
implementation and operation difficulty in power smoothing
control. It is also more suitable for the PPV application scenario
under the shadow disturbance of vehicles.
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TABLE II
PPV THREE-LEVEL HIERARCHICAL POWER SMOOTHING CONTROL STRUCTURE

However, the above-distributed control strategy only con-
siders the power distribution within the hybrid energy storage
and does not consider the inverter control link. In two-stage
PV power generation systems, the inverter control link usually
adopts a voltage-current double closed-loop control strategy,
which delivers all the PV power to the grid stably by controlling
the voltage of the dc bus. The virtual impedance droop control
used in the ESS also takes the dc bus voltage as the control
object. When the two work at the same time, the hybrid energy
storage output will be interfered with by the inverter, which
cannot achieve smooth control, and the inverter cannot absorb
all the steady-state components of the PV power, resulting in a
wrong power flow direction.

For this reason, the inverter control link will have to switch
to other control strategies, such as the PQ control strategy [29],
etc. At this time, to deliver all the steady state power in the PV
power to the grid, the system will need to rely on communication
to obtain power commands. Therefore, communication needs
are introduced in this link, which makes the distributed control
strategy of the HESS lose its greatest advantage. Once problems
such as communication failures occur, the grid-connected in-
verter will lose the ability to deliver PV power in the event of a
loss of power command. A large amount of energy is trapped on
the dc bus, which will quickly consume the remaining capacity
of the energy storage device, and then force the energy storage
device to quit operation, resulting in system disassembly.

To solve the above-mentioned problems, based on the tradi-
tional virtual impedance droop control strategy, this article will
apply the virtual impedance I-V droop control technology to the
inverter control link, and then build a three-level hierarchical
smoothing control strategy based on virtual impedance fre-
quency division mechanism (TVID) to achieve smooth control
of PV power fluctuations. Finally, the effectiveness of the pro-
posed strategy is verified by simulation and experimental tests.
The three-level hierarchical power smoothing control structure
for PPV is shown in Table II.

The motivation and contributions of this article can be sum-
marized as follows.

1) In a two-stage PPV power generation system with hybrid
energy storage, the virtual impedance I-V droop control
strategy is applied to the control of both the dc converter
and the inverter. The similar I-V droop control structure
can avoid the mutual interference in power distribution
between the inverter and the hybrid energy storage.

Fig. 1. Structure of DC microgrid.

2) The separate use of virtual resistance and virtual induc-
tance can only achieve two-level frequency-domain hi-
erarchical control. By combining virtual resistance and
virtual inductance, an additional interval can be divided on
the basis of the original two intervals, thereby achieving
three-level frequency division. Through the establishment
of the energy storage unit and the inverter closed-loop
control model, the corresponding equivalent impedances
for each branch were derived.

3) By introducing appropriate virtual impedances and adjust-
ing the impedance characteristics of the three components,
a three-level hierarchical power smoothing control can be
achieved. The influence of the virtual impedance param-
eters of each branch on the system’s frequency division
mechanism was analyzed, providing a theoretical basis
for the selection of virtual impedance parameters.

4) Through simulation tests under various working condi-
tions, the smooth control of PV power under vehicle
shadow disturbance is realized. Furthermore, a two-stage
PV power generation system platform with hybrid energy
storage was further built, and the LPF-HESS control strat-
egy was compared on this platform. At the same time, a
comparative experiment on energy storage technologies
was conducted on the indoor PPV platform. The experi-
mental results verified the effectiveness of the TVID con-
trol strategy in the field of PV power smoothing control.

The rest of this article is organized as follows. Section II
introduces the two-stage PPV power generation system with
hybrid energy storage. Section III describes TVID. Section IV
gives the experimental procedure and the comparative analysis
of the experimental results. Section V presents the conclusions
drawn from the study.

II. TWO-STAGE PAVEMENT PV POWER GENERATION SYSTEM

WITH HYBRID ENERGY STORAGE

A two-stage PPV grid-connected power generation system
[30] can be regarded as a dc microgrid, as shown in Fig. 1,
where the PV power and the alternating current (ac) grid are
connected via a dc bus. Because of the volatility of PV power,
it is usually necessary to incorporate energy storage devices to
maintain the stability of the system power. The structure of the
dc bus is convenient for the input and removal of the ESS and dc
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Fig. 2. Topology of bidirectional Boost converter.

load. To give play to the advantages of different energy storage
devices and extend the service life of energy storage devices,
HESSs of batteries and supercapacitors have been widely used.

The distinct characteristics of battery and supercapacitor in
terms of energy density and power density determine the dif-
ferent roles they play in the system. The energy density of the
battery is high, but its response speed is slow. It is difficult to
address the high-frequency components in power fluctuations.
Although the supercapacitor has a relatively good ability to
respond quickly, its low energy density makes it unable to han-
dle the low-frequency components in power fluctuations. The
combined HESS made by combining the two components can
precisely complement each other’s advantages. It can effectively
enhance the dynamic response capability of the system and
extend the service life of the battery.

Under the action of vehicle shadow, the P-V output character-
istic curve of the PPV array shows obvious multipeak character-
istics. To investigate the trend of the PPV array’s output curve
with time. This article uses the perturb and observe method with
a simple principle, high tracking accuracy, and strong stability
to track the maximum power point of P-V characteristic curve.

The energy storage device plays the role of peak clipping
and valley filling in the system, and its power flow requires
bidirectional flow. In this article, a simple bidirectional Boost dc
converter [31] is adopted to achieve this function. Fig. 2 shows
its topology.

The small signal model of the bidirectional Boost converter
is established by the state space averaging method{

LdiL
dt = duin + (1− d)(uin − u0) = uin − (1− d)uo

C duo

dt = d · (−io) + (1− d)(iL − io) = (1− d)iL − io
(1)

where L represents the filter inductance; C represents the filter
capacitance on the high voltage side; uin represents the voltage
of the converter’s low voltage side, connecting the battery and
the supercapacitor; uo represents the voltage of the converter’s
high voltage side, which is connected to the dc bus; iL represents
inductor current; io represents current on the high voltage side;
d represents the duty cycle of switch tube Q1. Here the output
is positive, and the real-time value of the electrical quantity is
represented by a lower-case symbol.

The real-time variable can be decomposed into dc component
and ac small signal component. The corresponding uppercase
symbol represents its dc component, and the corresponding ac

small signal component is marked with the symbol ∧ based on
the original. By separating the disturbance from (1) and ignoring
the second-order small signal components, we can obtain{

LdîL
dt = ûin − (1−D)ûo + Uod̂ Uin = (1−D)Uo

C dûo

dt = (1−D)̂iL − ILd̂− îo IL = Io
1−D

.

(2)
The above-mentioned model is transformed into a frequency

domain model by Laplace transform and then sorted out

îL =
I0 + sCU0

s2LC +D2
p

d̂+
Dp

s2LC +D2
p

î0 +
sC

s2LC +D2
p

ûin

û0 =
U0Dp − sLI0/Dp

sCU0 + I0
îL − U0

sCU0 + I0
î0 +

I0/Dp

sCU0 + I0
ûin

(3)

where Dp = 1−D represents the duty cycle of the converter
in steady state. The internal transformation relationship of the
bidirectional Boost converter can be expressed as [32]

Gil_d =
I0 + sCU0

s2LC +D2
p

Gil_io =
Dp

s2LC +D2
p

Gil_uin =
sC

s2LC +D2
p

Guo_il =
U0Dp − sLI0/Dp

sCU0 + I0
Guo_io =

−U0

sCU0 + I0

Guo_uin =
I0/Dp

sCU0 + I0
(4)

where Gil_d represents the local transfer function of inductor
current to duty cycle;Gil_io represents the local transfer function
of inductor current to current on the high voltage side; Gil_uin

represents the local transfer function of inductor current to
voltage on the low voltage side; Guo_il represents the local
transfer function of voltage on the high voltage side to inductor
current; Guo_io represents the local transfer function of voltage
on the high voltage side to current on the high voltage side; and
Guo_uin is the local transfer function of the voltage on the high
voltage side to the voltage on the low voltage side.

III. THREE-LEVEL HIERARCHICAL SMOOTHING CONTROL

STRATEGY BASED ON VIRTUAL IMPEDANCE FREQUENCY

DIVISION MECHANISM

The ESS is connected to the PV system in the form of
dc coupling through the dc bus, and its power flow relation-
ship can be equated to the current relationship. Therefore, the
main purpose of the control system is to achieve a reasonable
distribution of internal current. The traditional droop control
technology can only distribute the current in a fixed proportion.
Even with the use of adaptive droop coefficients, it is impossible
to achieve the effect of distributing the current according to the
frequency domain. Therefore, the virtual impedance technology
was integrated into this scheme.

In the proposed TVID, the battery, supercapacitor, and in-
verter all adopt virtual impedance droop control. By introducing
suitable virtual impedance, the impedance characteristics of the
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three are adjusted to achieve three-level hierarchical control.
The PV grid-connected power can achieve automatic smoothing
control, in which the stable and smooth power is transmitted
to the ac power grid through the inverter. Medium and low
frequency power fluctuations are absorbed by the battery. High
frequency power fluctuations are quickly responded by the su-
percapacitor. There is no need for communication between the
subsystems. There is no need for complex signal processing
technology, which greatly reduces the communication and cal-
culation pressure of the system. Fig. 3 shows the TVID control
strategy system block diagram.

In the HESS composed of a battery and a supercapacitor, the
introduction of virtual inductance enables the battery to have
integral characteristics in the droop control. It can absorb the
low-frequency components of power fluctuations. The introduc-
tion of virtual resistance enables the supercapacitor to have pro-
portional characteristics in the droop control, which is suitable
for responding to high-frequency power changes [24]. When the
inverter branch is connected to the frequency division system,
the original two-level frequency division needs to be refined
into three-level frequency division. That is, through impedance
shaping, the impedances of the three branches respectively act
in the low-frequency, medium-frequency, and high-frequency
regions. In this strategy, the supercapacitor droop control loop
still adopts a virtual resistance to maintain its dominant role
in the high frequency interval and absorb the high-frequency
power fluctuation. Virtual inductance is used in the inverter
droop control loop to achieve the leading role in the ultra-low
frequency interval (frequency approaching 0 Hz), and smooth
power input to the grid. Virtual resistance and virtual inductance
are applied simultaneously in the battery droop control loop
to achieve the leading role in the medium and low frequency
interval and absorb the residual power fluctuation.

According to the I-V droop control characteristics, the current
relationship of the three-branch input dc bus is as follows:

io_inv_ref = (Udc_ref − udc)
1

sLinv

io_bat_ref = (Udc_ref − udc)
1

Rbat + sLbat

io_SC_ref = (Udc_ref − udc)
1

RSC
(5)

where io_inv_ref represents the current reference value of the
inverter flowing into the dc bus; io_bat_ref represents the current
reference value of the battery injected into the dc bus; io_SC_ref

represents the current reference value of the supercapacitor
injected into the dc bus; Udc_ref represents the dc bus voltage

reference value; udc represents the bus voltage; Linv represents
the virtual inductance introduced in the inverter droop controller;
Lbat indicates the virtual inductance introduced in the battery
droop controller; Rbat indicates the virtual resistance introduced
in the battery droop controller; and Rsc indicates the virtual
resistance introduced in the supercapacitor droop controller.

Thus, a second-order current filter composed of three branches
can be further obtained: (6) shown at the bottom of this page,
where io_inv represents the actual current of the inverter flowing
into the dc bus; io_bat represents the actual current of the battery
injected into the dc bus; io_SC represents the actual current of the
supercapacitor injected into the dc bus.

Through the appropriate parameter setting, the three-level
hierarchical control of ultra-low frequency, medium and low
frequency, and high frequency can be achieved. However, the
above-mentioned filter regards the virtual impedance as the
branch impedance of the controller where it is located. It is differ-
ent from the actual branch impedance. Therefore, it is necessary
to further analyze the system impedance characteristics under
the TVID control strategy.

The I-V droop control strategy is used in the energy storage
converter, where the outer loop is the bus voltage droop control
loop, which outputs the command value of the inductor current
required for the inner loop. The inner loop achieves converter
control by tracking the command value of the inductor current,
and the closed-loop small-signal model is shown in Fig. 4.

The closed-loop transfer function of the current inner loop in
this model is

Tc1 =
GpiGil_d

1 +GpiGil_d
(7)

where Gpi represents the transfer function of the proportional
integral (PI) controller.

The closed-loop transfer function controlling the outer loop
is

Tc2 =
Guo_ilTc1

ZvDp +Guo_ilTc1
(8)

where Zv represents virtual impedance.
The external impedance characteristics of the dc bus side are

as

Zo = ZvDpTc2

(
Gil_io

GpiGil_d
+

Guo_io

Guo_ilTc1

)
. (9)

To construct impedance characteristics similar to the energy
storage branch droop controller. This article improved the volt-
age and current double closed-loop control strategy commonly
used in inverter control and replaced the voltage outer loop
with the I-V droop control structure. The inner loop control

io_inv = Ginv(s) · io =
LbatRSCs+RbatRSC

LinvLbats2 + (RbatLinv +RSCLinv + LbatRSC)s+RbatRSC
· io

io_bat = Gbat(s) · io =
RSCLinvs

LinvLbats2 + (RbatLinv +RSCLinv + LbatRSC)s+RbatRSC
· io

io_SC = GSC(s) · io =
LinvLbats

2 +RbatLinvs

LinvLbats2 + (RbatLinv +RSCLinv + LbatRSC)s+RbatRSC
· io. (6)
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Fig. 3. System block diagram of a three-level hierarchical smoothing control strategy based on virtual impedance droop control.

Fig. 4. Small-signal model for virtual impedance-based I-V droop control.

Fig. 5. Equivalent control block diagram of inverter based on virtual
impedance I-V droop control.

structure remained unchanged, and its control object was still
d-axis current. The I-V droop control strategy of the inverter
based on virtual impedance is constructed. In the dq coordinate
system, the initial position of the d-axis is ordered to coincide
with A-phase to ensure that the q-axis component of the ac
voltage is always zero, thus simplifying the analysis. Therefore,
the d-axis control loop is mainly discussed here. Fig. 5 shows
the equivalent control block diagram of the I-V droop controller
of the inverter based on virtual impedance.

By simplifying the control block diagram, the transfer func-
tion of the inner current loop can be obtained as follows:

Tc_id =
GpiKPWM

sL+GpiKPWM
(10)

whereKPWM represents the pulsewidth modulation (PWM) gain
coefficient.

Fig. 6. Bode diagram of branch impedance characteristics after phase correc-
tion.

The transfer function of the outer voltage loop is

Tv_udc =
Tc_idUd

sCZv_invUdc + Tc_idUd
(11)

where Ud represents the d-axis component of the grid side
voltage; Zv_inv represents the virtual impedance introduced in
the inverter droop control; Udc represents the dc component of
the bus voltage.

The equivalent impedance of the inverter is

Zo_inv =
udc

io_inv
=

Udc

Ud

Tv_udc

Tc_id
Zv_inv. (12)

The impedance characteristics of the three branches can be
calculated by substituting the above-mentioned impedance de-
sign scheme into (9) and (12), respectively. Fig. 6 shows the
impedance characteristics of each branch. It can be seen that
in the ultra-low frequency region, the parallel impedance char-
acteristic Zsum is dominated by the inverter branch impedance
Zoc_inv. In the medium- and low-frequency region, the paral-
lel impedance characteristic Zsum is dominated by the battery
branch impedance Zoc_bat. In the high-frequency region, the
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Fig. 7. Three-dimensional diagram of the influence about virtual inductance
Linv on current distribution characteristics.

parallel impedance characteristic Zsum is dominated by the su-
percapacitor branch impedance Zoc_SC . Dominance means that
the bus current in this frequency interval will mainly flow to this
branch.

According to the parallel impedance relationship, the current
distribution characteristics of each branch can be calculated as
follows:

Kinv =
Zoc_batZoc_SC

Zoc_batZoc_SC + Zoc_invZoc_bat + Zoc_invZoc_SC

Kbat =
Zoc_invZoc_SC

Zoc_batZoc_SC + Zoc_invZoc_bat + Zoc_invZoc_SC

KSC =
Zoc_invZoc_bat

Zoc_batZoc_SC + Zoc_invZoc_bat + Zoc_invZoc_SC
(13)

where Kinv represents the current distribution characteristics
of the inverter branch; Kbat represents the current distribution
characteristics of the battery branch; and KSC represents the
current distribution characteristics of the supercapacitor branch.

Fig. 7 shows a three-dimensional (3-D) diagram of the influ-
ence of virtual inductance Linv of the inverter droop controller
on the current distribution characteristics. It can be seen that
the current distribution characteristics of the three branches
are significantly different in the frequency interval. The current
distribution characteristic ratio of the inverter branch is mainly
concentrated in the range below 0.01 Hz and the current dis-
tribution ratio in the range is close to 1. Within this ultra-low
frequency interval, the current fluctuation is very slow, which
means that the power fluctuation of the inverter transmission is
very small, so it meets the power smoothing control requirements
required by this strategy. The current distribution characteristic
of the battery branch is close to 1 in the range of 0.01–1 Hz,
which indicates that the battery has a strong absorption effect
on the current in this medium- and low-frequency interval. The
current distribution characteristic of the supercapacitor branch
has a high amplitude in the range of 1–100 Hz, which mainly
acts on the absorption of high-frequency current.

From the trend of current distribution characteristics in Fig. 7,
it can be seen that the effect of virtual inductance Linv is mainly
reflected in the junction region between the ultra-low frequency
interval and the medium- and low-frequency interval. There is
no significant change in the characteristics of other frequency
domain intervals. As the virtual inductance Linv increases, more
low-frequency current is transferred from the inverter branch to
the battery branch, which will make the power of the inverter
branch smoother, while the battery branch has to bear more
low-frequency components. Figs. 8 –10, respectively, show the
3-D diagrams of the impact trend of the battery droop controller

Fig. 8. Three-dimensional diagram of the influence about virtual resistance
Rbat on current distribution characteristics.

Fig. 9. Three-dimensional diagram of the influence about virtual inductance
Lbat on current distribution characteristics.

Fig. 10. Three-dimensional diagram of the influence about virtual resistance
RSC on current distribution characteristics.

virtual resistance Rbat, the battery droop controller virtual in-
ductance Lbat, and the supercapacitor droop controller virtual
resistance RSC on current distribution characteristics.

The effect of virtual resistance Rbat is opposite to the effect of
virtual inductanceLinv. With the increase in resistance, more and
more medium and low frequency components are transferred
from the battery branch to the inverter branch, and this trend
gradually becomes stable after increasing to 0.4. At the same
time, this parameter also has a certain effect on the boundary
of the medium and low frequency region and high-frequency
region. Part of the high-frequency component is transferred from
the supercapacitor branch to the battery branch. The influence
of virtual inductance Lbat is concentrated at the junction of the
medium and low frequency region and high-frequency region.
With the increase of virtual inductance, more medium and low
frequency components are gradually included in the absorption
range of the supercapacitor branch.

The main effect of the above-mentioned several parameters
is to act on one side of the boundary of a certain interval, while
the virtual resistance RSC acts on both sides of the boundary
of the high-frequency interval. With the increase of its virtual
resistance, both sides of the boundary of the high-frequency
interval dominated by the supercapacitor branch all shrink,
and the absorption range of the branch to the high-frequency
component decreases gradually.

IV. SIMULATION TESTING

To verify the effectiveness of the proposed TVID control
strategy, a simulation model of a PPV storage power generation
system with a bus voltage of 600 V and rated output power of
5.1 kW was built based on the MATLAB/Simulink platform.
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TABLE III
SIMULATION PARAMETERS OF PPV ENERGY STORAGE POWER GENERATION

SYSTEM

Fig. 11. Simulation waveform of DC bus voltage and branch power in case 1.

The system consists of four submodules, the PV module adopts
a Boost converter, the battery module, and the supercapacitor
module adopts a bidirectional dc converter. They are connected
in parallel to the inverter module via the dc bus. The specific
system simulation parameters are shown in Table III.

In case 1, the ripple absorption characteristics of the system
for different frequencies are tested by adding the power ripple
of certain frequencies. Fig. 11 shows the simulation waveform
of dc bus voltage and branch power in case 1.

During t = 0–2 s, the system is starting, the light intensity
is maintained at 750 W/m2, and the PV power PPV is stable
at 3.75 kW. Between t = 2 and 10 s, the light intensity of the
PV module increases by 200 W/m2, and the PV output contains
sinusoidal ripples at frequencies of 0.5 Hz and 10 Hz. Under the
proposed TVID, power smoothing control was achieved.

In case 2, the PV output is designed as a rectangular wave
to test the working state of the system under the state of power
surge and power drop.

Fig. 12 shows the simulation waveform of dc bus voltage
and branch power changing with the virtual impedance Linv in
case 2. After the start-up phase, the PV output adds a rectangular
wave component based on the constant power of 3.75 kW, whose
maximum and minimum values are 5.08 kW and 2.42 kW,
respectively. And the power sudden change valueΔP=2.66 kW,
reaching 50% of the rated power of the system. Considering that

Fig. 12. Simulation waveform of DC bus voltage and branch power varying
with virtual impedance Linv in case 2.

the frequency of power fluctuations is much higher in the PPV
usage scenario than in other application scenarios. Therefore,
the power change frequency is set to 5 Hz, which means that
each transient response time is only 0.2 s. Some parts of the
system, such as the inverter module, pursue a slow response
speed to absorb smooth power, and it is difficult to achieve
the final steady state under such conditions. However, testing
the system performance under such extreme conditions is the
significance of the existence of this case.

In Fig. 12, the virtual inductance Linv is set to 0.1, 0.3, and
1.5, which operate in the three time periods t = 2–4 s, 4–6 s, and
6–8 s, respectively. As the virtual impedance introduced in the
inverter branch, its most significant influence is reflected in the
grid-connected power Pgrid waveform. As the virtual inductance
Linv increases from 0.1 to 0.3, the power fluctuation peak value
of Pgird decreases from 0.8 to 0.34 kW, and the grid-connected
power fluctuation decreases significantly. Finally, when the Linv

increases to 1.5, the peak value of power fluctuation is only
0.1 kW, which is slightly larger than the switch ripple, and a
good smooth control effect is achieved. This part of the reduced
fluctuation power is allocated to the energy storage branch, so it
almost does not affect the state of the dc bus voltage udc, and its
voltage fluctuation is always maintained at the peak of 604 V.
The simulation results are consistent with the theoretical analysis
of the virtual inductance parameter Linv in Fig. 7, which verifies
the validity of the theoretical analysis. It is worth noting that
although the increase of virtual inductance Linv will improve the
grid-connected power fluctuation, it will also cause the response
speed of the inverter branch to be too slow, such as the startup
stage is set because of the slow response of the inverter branch.
With the increase of parameters, the problem is more and more
significant, too slow response speed will occupy more capacity
of the energy storage device.

Fig. 13 shows the simulation waveform of the dc bus voltage
and branch power changing with the virtual impedance RSC in
case 2. The study object is replaced by the virtual resistanceRSC,
whose parameter values in the three time periods are 1, 2, and 3,
respectively. With the increase of virtual resistance, the medium
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Fig. 13. Simulation waveform of DC bus voltage and branch power varying
with virtual impedance RSC in case 2.

and low frequency power in the supercapacitor branch gradually
decreases, which is directly reflected in that the supercapacitor
powerPSC recovers to a position closer to 0 in the same time after
each power sudden change. The corresponding battery branch
is also affected by it, and its power response speed is greatly
increased after the sudden change, indicating that it bears more
medium- and high-frequency components. In the analysis shown
in Fig. 10, as the virtual resistance increases, the boundaries
on both sides of the frequency interval dominated by the su-
percapacitor branch shrink. This shows that in addition to the
above-mentioned effects, the high-frequency power absorbed
by the supercapacitor also decreases, and this part of the power
is not within the bearing range of other branches. It can only
be retained on the dc bus and absorbed by the filter capacitor.
The fluctuation peak of dc bus voltage udc increases from 604
to 608 V and 611 V. However, the virtual resistance RSC is not
the smaller the better, the too small resistance value will make
the supercapacitor bear too much medium and high frequency
components, and occupy a large amount of capacity. Its state of
charge is more likely to reach the critical position, affecting the
long-term operation of the supercapacitor.

Figs. 14 and 15, respectively, show the simulation waveforms
of dc bus voltage and branch power changing with virtual
impedance Lbat and Rbat under case 2. Fig. 14 shows the op-
erating state of the system when the virtual inductance Lbat is
0.1, 0.3, and 1, respectively. Fig. 15 shows the operating state
of the system when the virtual resistance Rbat is 0.1, 1, and 2,
respectively. The effects of virtual impedance Lbat and Rbat on
the system are similar, which are mainly reflected in the battery
branch power Pbat and the supercapacitor branch power PSC.
With the increase of both, the dc bus voltage fluctuation peak
value decreases slightly.

In case 3, the ordinary PV array is replaced by a two-lane
PPV array. The complex output characteristics of the actual
PPV scene are simulated by the vehicle shadow model based on
cellular automata. In this model, the vehicle position information
is updated every 0.05 s. When there is no vehicle shading, the

Fig. 14. Simulation waveform of DC bus voltage and branch power varying
with virtual impedance Lbat in case 2.

Fig. 15. Simulation waveform of DC bus voltage and branch power varying
with virtual impedance Rbat in case 2.

light intensity of the PV cell is 1000 W/m2 by default. When the
vehicle shadow moves to the top of the PV module, it is regarded
as full plane coverage and the light intensity is 200 W/m2. Fig. 16
shows the simulation waveform of the power smoothing control
of the PPV array under the shadow of a dynamic vehicle.

As can be seen from the PPV output in Fig. 16(a), under the
action of rapidly updated vehicle shading, PV power fluctuates
very sharply. The maximum value of power drop exceeds 60% of
the rated power, and the duration of power drop occurs randomly
between 0.05 and 0.2 s. Such violent fluctuations also increase
the difficulty of transient control of PV converters, resulting in
a large number of high-frequency ripples in PV output power.

Fig. 16(b) shows the simulation waveform of A-phase grid-
connected current ia. The total harmonic distortion (THD) at
t= 1 s and t= 2 s is 15.2% and 4.79%, respectively. The problem
of low grid-connection quality under the interference of control
strategy is proved. However, THD at t= 8 s is only 0.88%, which
verifies the great advantage of the proposed control strategy in
grid-connected quality.
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Fig. 16. Simulation waveform of PPV array power smoothing control under
vehicle shadow disturbance in case 3. (a) Power simulation waveform of each
branch. (b) Grid-connected current.

V. EXPERIMENTAL VERIFICATION

This section sets up a two-stage PV power generation system
platform with hybrid energy storage, and verifies the effective-
ness and practicability of the TVID control strategy proposed in
this article in the field of PV power smooth control.

A. Power Smoothing Control Under Output of PV Simulator

The PV power generation system platform is composed of
PV, battery, supercapacitor and inverter in parallel. In this ex-
periment, PV simulator Agilent E4360A is used to simulate the
output of PV array. The Boost converter required by the PV unit
can be replaced by a bidirectional dc–dc converter. So the bidi-
rectional dc–dc converter is used as the power conversion unit
of the PV array, battery, and supercapacitor. The main function
of the inverter branch is to achieve smooth absorption of PV
power. Grid-connected control of the inverter is not the focus of
this article, so the ac power grid is replaced by a 5-Ω three-phase
resistance load to absorb PV power. The experimental platform
is shown in Fig. 17, and the topology diagram is shown in Fig. 1.

In this experiment, the dc bus voltage is set to 60 V, and the
specific parameters are shown in Table IV.

The PV power fluctuation characteristic is realized by setting
the PV voltage command as a rectangular wave, in which the
high and low levels are 38 and 32 V, respectively. The rising edge
corresponds to the sudden drop in PV power, the falling edge
corresponds to the sudden rise in PV power, and the switching
frequency of high and low levels is 0.2 s. The power input
characteristic in the form of a rectangular wave can simulate
the worst power fluctuation condition (power sudden change),
test the control effect of the system in extreme conditions such as

Fig. 17. Experimental platform under PV output is simulated by PV simulator.

TABLE IV
PV SIMULATOR EXPERIMENTAL PLATFORM PARAMETERS

Fig. 18. System experiment waveform under the input of PV simulator.

power sudden change, and reflect the current frequency division
characteristic well.

Fig. 18 shows the dc bus voltage and current waveform of each
branch during the operation of the TVID control strategy. The
fluctuation state of dc bus voltage can reflect the overall stability
of the system. The branch current is positively correlated with the
branch power, which can directly reflect the frequency division
absorption effect of PV power fluctuation. In the process of
frequent PV power sudden change, the dc bus voltage is always
better maintained near 60 V, indicating that the system still has
strong stability under extreme conditions such as power sudden
change. The battery branch current ibat changes back and forth
on both sides of the 0 value, and the steady state component is
almost 0, indicating that the absorbed power does not contain
the dc component.

In the existing distributed PV power smoothing control strat-
egy, only the power frequency division mechanism inside the
hybrid energy storage is considered. The inverter branch still
needs to rely on communication to obtain power instructions,
which cannot achieve real distributed control. Therefore, the
HESS based on a low-pass filter (LPF-HESS), which is more
common in centralized control strategies, is used for comparative
experiments. Fig. 19 shows the experimental waveforms of
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Fig. 19. Experimental waveforms comparing LPF-HESS and TVID. (a) LPF-
HESS control policy. (b) TVID control policy.

comparison between the LPF-HESS control strategy and the
TVID control strategy.

It can be seen that both of them realize the frequency division
absorption of power fluctuations by hybrid energy storage, and
the power absorbed by the inverter branch has a better smooth-
ness. However, the difference is that the voltage fluctuation
of the dc bus under the LPF-HESS control strategy is more
significant, and the current THD reaches 17.09%. This is due
to the delay effect caused by sampling, calculation, filtering,
communication, control, etc., which makes the energy storage
device respond too slowly to the transient component of the
power sudden change. The energy that does not respond in time
is trapped in the dc bus, which causes the voltage fluctuation
of the dc bus, and then affects the inverter current. In contrast,
the TVID control strategy does not need filtering calculation and
communication, which greatly reduces the control delay and has
a faster response to the transient component. Therefore, the dc
bus voltage fluctuation is smaller, and the current THD is only
8.23%, which is much lower than the LPF-HESS control.

B. Power Smoothing Control of Pavement PV Under Vehicle
Shadow Disturbance

To deeply explore the influence of vehicle shadow disturbance
on PV output, a PPV system experiment platform is built. The
platform includes PV arrays, car models that simulate real vehi-
cles, and stage lights that simulate different light intensifies and
angles. With the movement of the vehicle, the vehicle shadow
will produce an irregular mask on the PPV, resulting in the PV
output showing randomness and volatility. The construction of
the PPV platform provides a strong support for the verification
of the subsequent power smoothing control strategy. The indoor
PPV platform is shown in Fig. 20.

The PV power generation system platform is composed of an
indoor PPV, a battery, a supercapacitor and a load in parallel. The
bidirectional dc–dc converter continues to be used as a power
conversion unit for PV array, battery, and supercapacitor. The
experimental platform is shown in Fig. 21.

Fig. 20. Indoor PPV with vehicle shadow disturbance.

Fig. 21. Experimental platform of indoor PPV system.

TABLE V
INDOOR PPV EXPERIMENTAL PLATFORM PARAMETERS

In this experiment, the dc bus voltage is set to 50 V. The
parameters of the battery and supercapacitor remain unchanged.
The PV characteristics curve of the PPV system was measured
using the MP170 instrument. The specific parameters are shown
in Table V.

When a vehicle passes by, the PPV is in a local shade state,
and the maximum power point tracked by the maximum power
point tracking algorithm changes, making the corresponding PV
output voltage reduced to about 20 V, and the curve presents
multipeak characteristics. When the vehicle passes through, the
PPV restores to the unobstructed state, and the PV output voltage
returns to the maximum power point voltage of 32 V. With the
vehicle entering and leaving, the PV output curve under the
vehicle shadow disturbance presents the characteristics of up
and down mutation, which fully and truly restores the actual
pavement conditions. Fig. 22 shows the waveforms of PV output
voltage uPV, dc bus voltage udc, battery branch current ibat and
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Fig. 22. System experiment waveform of PPV smoothing control strategy
under vehicle shadow disturbance.

supercapacitor branch current isc during the operation of the
TVID control strategy. The curves are represented by blue, cyan,
green, and purple, respectively.

With the continuous shuttle of the vehicle, the PV output
power fluctuates frequently. But even so, the dc bus voltage is
always maintained within the rated range of ±1%, with minimal
ripple. This shows the effectiveness of the power smoothing
control strategy.

The relationship between the current curve of the battery
branch and the PV output curve is approximately mirrored to
maintain the dynamic balance of the system power. At the
same time, the low frequency component of the fluctuating
power is absorbed. The branch current of the supercapacitor is
centered on the zero value and fluctuates rapidly and frequently
in both directions, with the dc component approaching zero. This
characteristic is consistent with the theoretical frequency domain
interval in which the supercapacitor is responsible for absorbing
high-frequency power fluctuations in the strategy. The results
show that the supercapacitor can respond quickly to the rapid
change of power and effectively suppress the high-frequency
power fluctuation. And through the mutual cooperation with the
battery, it can jointly ensure the stable operation of the system.

In actual industrial PV applications, due to cost and com-
plexity constraints, a single battery ESS remains the commonly
adopted solution at present. Therefore, the commonly used
single battery energy storage was adopted for the comparative
experiment. Fig. 23 shows the comparison experiment wave-
forms of single battery energy storage and hybrid energy storage.

It can be seen that both have achieved power smoothing
control. However, the difference lies in that the fluctuation of
the dc bus in the battery energy storage is more significant.
Moreover, the number of tiny spike fluctuations is much greater
than that in the hybrid energy storage. This is because the battery
simultaneously undertakes the dual tasks of compensating for
the PV output and absorbing power fluctuations. In scenarios
where the PV power fluctuations are not significant, a single
battery can meet the demand for power smoothing. However, in
scenarios with frequent shadow disturbances, when dealing with
the high-frequency components within the power fluctuations,
the battery, due to its own characteristics, has difficulty effec-
tively handling such high-frequency fluctuations. This results
in the portion of the high-frequency component that is not ade-
quately responded to being trapped in the dc bus, causing the dc

Fig. 23. Experimental waveforms comparing battery energy storage and hy-
brid energy storage. (a) Battery energy storage. (b) Hybrid energy storage.

bus to exhibit multiple tiny spike fluctuations. In contrast, hybrid
energy storage can help the battery to share the task of absorbing
power fluctuations because of the addition of the supercapacitor.
And based on TVID, the power fluctuation can be absorbed in
frequency division, thus reducing the burden of the battery. In
addition, the battery will absorb power fluctuations regardless of
whether it is charging or discharging. In a HESS, the battery only
needs to absorb low-frequency fluctuations. The longer-lasting
supercapacitor will undertake more charging and discharging
task. Therefore, the current curve of the battery in battery energy
storage shows more frequent fluctuations compared to that of
hybrid energy storage.

In complex traffic scenarios where vehicles continue to shut-
tle, each branch current responds quickly and accurately to
fluctuations in PV power. It can adjust the change trend in time
according to the change of PV output, which is the advantage of
distributed control strategy. The dc bus voltage curve in battery
energy storage shows multiple tiny high-frequency spikes. This
is because a single battery cannot fully absorb high-frequency
power fluctuations, resulting in some high-frequency compo-
nents remaining in the dc bus. At the same time, with the
addition of a supercapacitor, the deviation of the dc bus voltage
in the hybrid energy storage from the rated value is 50±0.7 V,
so there is no obvious voltage fluctuation. This phenomenon
further verifies the effectiveness of the power smoothing control
strategy proposed in this article, and proves that the strategy
can ensure the stable operation of the system under long and
complex working conditions. Fig. 24 shows the waveforms of
the experiment with longer observation intervals. The observed
parameters are unchanged.

In summary, in the scenario of vehicle shuttle, PV out-
put presents sudden and random changes up and down. The
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Fig. 24. Experimental waveforms comparing under long time disturbance of
vehicle shadow. (a) Battery energy storage. (b) Hybrid energy storage.

HESS composed of battery and supercapacitor absorbs the low-
frequency and high-frequency components of fluctuating power
respectively according to its own characteristics. The system
can achieve smoothing control of distributed PV power without
communication support.

VI. CONCLUSION

This article proposes a three-level hierarchical smoothing
control strategy based on the virtual impedance frequency di-
vision mechanism. The virtual impedance droop control tech-
nology is applied to the two-stage PPV power generation system.
By constructing the impedance characteristics of the system, the
frequency division absorption characteristics of three parallel
branches are realized. Without communication, it can realize the
automatic absorption of the steady-state component of the PPV
power. At the same time, the hybrid energy storage characteris-
tics are utilized to realize the frequency division absorption of
the high and low frequency components in fluctuating power.
Simulation and experimental results show that the proposed
control strategy can effectively improve the power quality of the
system. Compared with the comparison algorithm, the output
current THD decreases from 17.09% to 8.23%. At the same
time, in the scenario of indoor PPV system, the TVID control
strategy is verified.
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