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ABSTRACT DC microgrids (MGs) feature remarkable advantages of integrating renewable energy sources
and loads with DC coupling. In order to improve the operation performance of a dc MG in both steady
and transient states, in this paper a hybrid energy storage system (HESS) interfaced by a three-port
converter (TPC) is studied. Particularly, a battery and an ultra-capacitor (UC), which form the HESS, are
connected at the source side of the TPC, respectively. Aiming at a phase-shifting controlled full-bridge
isolated TPC, in addition to conventional droop control loop, a frequency division-based control method is
proposed to achieve rational power sharing between the battery and UC. Due to the characteristics of TPC,
virtual inductance and virtual capacitance loops are implemented using the input currents at the battery and
UC ports. The frequency division between the battery and UC in the HESS is quantitatively analyzed by
using the frequency domain small-signal analysis considering the characteristics of power exchange in the
phase-shifting controlled TPC. A simulation model built in MATLAB/Simulink and a prototype comprised
of a battery, a UC, a programmable dc load, and auxiliary components are implemented to validate the
proposed TPC-interfaced HESS under different operation scenarios.

INDEX TERMS DC microgrids, droop control, hybrid energy storage system (HESS), three-port converter,
virtual impedance.

I. INTRODUCTION
The proliferation of electricity demand and the increasing
requirements of renewable power generation urge the evolu-
tion of existing energy structure. In order to meet these
requirements, renewable energy sources (RESs) have been
widely deployed in modern electric grids to support conven-
tional generation mix considering their sustainable nature
and relatively low environmental impacts [1], [2]. Micro-
grids (MGs) as effective solution of integrating various types
of RESs and loads have been extensively studied since it
was first proposed in 2002 [3]. Since most of the existing
power transmission and distribution systems are implemented
based on alternative-current (AC) electricity, AC MGs have
become the most common type of MGs nowadays [4], [5].
However, direct-current (DC) MGs have drawn increasing
attention in the past years due to their significant advantages
of high energy conversion efficiency, absence of harmonics

and reactive power, simple algorithm for resynchronization,
etc. [6]–[9].

Although AC or DC MGs have numerous advantages,
the intermittency of RESs in a MG should be still noticed.
In order to tackle the obstacles induced by the intermittent
nature of RESs and mitigate the impacts of load variations,
energy storage systems (ESSs) are frequently used [10]–[13].
Since different types of energy storage units (ESUs) have
diverse characteristics, they have been usually combined as a
hybrid ESS (HESS) to cope with the variations in both steady
and transient states [14]. A HESS has been widely deployed
in various applications, e.g., electric vehicles (EVs), MGs,
uninterruptable power supplies (UPSs) and among others
[15]–[19]. In [20], a comparative study of the power and
energy density of different storages including fuel cells, ultra-
capacitors (UCs), and various types of batteries, e.g., valve
regulated lead batteries, NiCd batteries, Lithium batteries,
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aluminum-electrolytic batteries, etc., are conducted to char-
acterize the advantages of HESS.

Due to different characteristics of ESUs, the appropriate
power sharing is a critical issue for operating a HESS. The
existing power sharing schemes among different types of
ESUs in the HESS can be implemented by using various
approaches [21]. Among them, the most frequently used
method in MGs is realized based on digital filters. In [22],
the power fluctuations induced by wind turbines is extracted
using a high pass filter (HPF), and then a compensation
term is calculated and the corresponding control command
is sent to the UC converter. The remaining power mismatch
is then compensated by the batteries. In [23], a HESS and the
corresponding coordinated control strategy are proposed and
applied in a MG. The fast Fourier transform is employed to
decompose the low- and high-frequency power components
of fluctuant loads. The drawback of using preceding methods
to separate the mismatched power is that it is realized based
on the known real-time reference power. However, the MGs
are usually run in autonomous operation mode, especially in
islanded operation. In this case, it is hard to know the exact
power mismatch between droop-controlled components, and
the required power of each unit in the HESS is thereby
difficult to track.

To solve the above problems, in [24] and [25], a frequency-
division method for inverse-droop control with HESS is
implemented in voltage-control based power coordination.
Additionally, a frequency-coordinating virtual impedance
based autonomous power management of DC MGs is
proposed in [26]. With the effective shaping of the virtual
output impedances in the frequency domain, the battery
and UC converters are designed to absorb low-frequency
and high-frequency power fluctuations respectively. In [27],
by using extra virtual impedance loop, a virtual resistor and
a virtual capacitor connected in series are added between
the converter and dc bus. The UC in the HESS can provide
surge current compensation via its interface converter and the
proposed control scheme. In [28], an integral droop control is
proposed for transient power allocation and output impedance
shaping of HESS in DC MGs in a decentralized manner.
In [29], a control strategy consisting of a HPF-based droop
controller for battery converter and a virtual capacitance
droop controller for UC converter is proposed. Dynamic
power sharing, bus voltage restoration, and UC SoC recovery
are achieved without communications.

Meanwhile, multiport converter topologies was proposed
and used in the interface converters [30]–[32]. A non-isolated
buck/boost-converter-based three-port converter (TPC) is
proposed in [33]. Since only a single energy conversion
stage is needed in the TPC, the advantages of high power
density and high energy conversion efficiency can be realized.
The topologies of the existing TPCs, e.g., half-bridge, full-
bridge, boost half-bridge and boost full-bridge, etc., and the
corresponding operation principles are investigated in [34].
Meanwhile, an isolated three-phase TPC with common DC
bus is studied. Compared to traditional buck/boost converters,

isolated multi-port converters feature the characteristics of
high voltage conversion ratio, and electrical isolation, etc.
In addition, by using phase-shifting control [35], the soft
switching in multi-port converters with a full-bridge config-
uration is easy to be achieved [36].

In order to integrate HESS into DC MGs efficiently and
realize reasonable power sharing, in this paper, a full-bridge
isolated TPC is employed as the interface of theHESS in aDC
MG. The equivalent circuit model and phase-shifting control
of this type TPC are discussed. Focusing on autonomous
operation modes and the characteristics of a TPC, an adaptive
power sharing method based on virtual inductance and virtual
capacitance is proposed. By emulating the physical character-
istics of an inductor and a capacitor, the mismatched power
between sources and loads in a DC MG can be automatically
separated based on different frequency characteristics, i.e.,
the autonomous frequency division power sharing in a TPC
can be achieved. Simulation and experimental validations are
conducted to verify the effectiveness of the proposed control
and energy management methods of HESS.

The rest of the paper is organized as follows. Section II
investigates the architecture of DC MGs, and then the
topology of full-bridge isolated TPC, which is used in this
paper, is presented. Section III presents the model and oper-
ation principle of the TPC, and details the frequency divi-
sion control method with virtual inductance and capacitance
loops. Meanwhile, stability analysis of the proposed control
method is conducted. Simulation verifications are presented
in Section IV. Section V shows the detailed experimental
results obtained from the prototype. Finally, Section VI
summarizes the paper and draws the conclusion.

FIGURE 1. Configuration of DC MGs with interconnected HESS.

II. INTERCONNECTION OF THE HESS IN DC MGS
DCMGs are emerging and promising counterparts of conven-
tional AC MGs due to their tremendous advantages [6]. The
architecture of a DC MG with HESS is depicted in Fig. 1.
As seen in this figure, the DC-DC interface converters of
RESs, HESS and local loads are interconnected through
the common DC bus. In order to exchange power with the
main grid, a bi-directional DC/AC inverter is employed to
enable the interactive operation between local DC MG and
external AC grids. Meanwhile, in the islanded operation
mode, the RESs, HESS and loads are controlled to run in
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an autonomous manner. When running in islanded opera-
tion mode, the DC bus voltage in DC MG is established
and stabilized by the distributed generators (DGs) with non-
intermittent power, e.g., ESUs. These non-intermittent and
dispatchable DGs are commonly run in the voltage control
mode [8]. Usually, droop control is employed in DC MGs to
achieve rational power sharing among the voltage-controlled
units.

In order to further improve the power density and conver-
sion efficiency of the converters in a HESS, TPCs are
employed as the interface converters of HESS in DC MGs.
The TPC can exchange power directly between any two ports,
and allow the batteries or UCs to interact with the common
DC bus directly and independently.

In this study, a phase-shifting controlled full-bridge
isolated TPC is employed as the interface of the HESS in
a DC MG. The high-voltage port is connected to the DC
bus and the two low-voltage ports are connected to batteries
and UCs, respectively. The topology of the selected TPC is
shown in Fig. 2, which is comprised of three H-bridges and a
three-winding HFT.

FIGURE 2. Topology of the full-bridge isolated TPC.

FIGURE 3. Phase-shifting control principle of a two-terminal system.
(a) equivalent circuit model. (b) waveforms of voltage and current.

III. COORDINATED OPERATION OF THE HESS IN TPCS
A. BASIC OPERATION PRINCIPLE OF PHASE-SHIFTING
CONTROLLED FULL-BRIDGE TPC
Phase-shifting full-bridge TPC can adjust the power
exchange at each port by manipulating the phase-shifting
angles. First, a two-terminal system is taken as an example

to introduce how phase-shifting control works. Its equivalent
circuit model is shown in Fig. 3 (a), where two symmetrical
square waves with equal frequencies and a given phase differ-
ence are employed with an inductor Lk linking them. Setting
the magnitudes of the left and right square wave voltage
sources equal to±VT1 and±VT2 respectively, the current and
voltage waveforms can be achieved, as shown in Fig. 3(b).
By making the phase-shifting angle ϕ12 of the two ports
leading or lagging, the bidirectional power flow between the
two ports can be easily realized.

The relationship between the power exchange P and the
phase-shifting angle ϕ12 between vT1 and vT2 is expressed as
follows [35]:

P =
VT1VT2
ωLk

(ϕ12 −
ϕ212

π
) (1)

where ω is angular frequency (ω = 2π f ).

FIGURE 4. AC equivalent model of the isolated full-bridge TPC.

Be similar with the phase-shifting control in the
two-terminal system, as shown in Fig. 4, the AC equiva-
lent model of the isolated full-bridge TPC can be obtained
by replacing the full-bridge under phase-shifting control
with three symmetrical square waves. The amplitudes of
vT1,vT2 and vT3 are V1, V2 and V3, and Lm is the equivalent
magnetizing inductance of the transformer by converting the
total magnetizing inductance of the phase-shifting three-port
transformer into port #1.

According to the relationship between the voltage of
the three windings of the transformer and the magneto
motive balance equation, the following equations can be
obtained:

vT1 − jωsL1iL1 = (vT2 − jωsL2iL2) ·
n1
n2

vT1 − jωsL1iL1 = (vT3 + jωsL3iL3) ·
n1
n3

iL1 − iLm = iL3 ·
n3
n1
− iL2 ·

n2
n1

(2)

Further, assuming there is a common point of connection
in the TPC, the equivalent model of the transformer can
be derived, and the equivalent current and inductance can
also be recalculated according to the above equation. The
corresponding equivalent model is shown in Fig 5.
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FIGURE 5. Equivalent model of the isolated full-bridge TPC with virtual
common point.

B. PROPOSED AUTONOMOUS FREQUENCY
DIVISION CONTROL IN HESS
As discussed in Section I, in autonomous DC MGs with
HESS, the conventionalmethod based on digital filters cannot
separate the power mismatch among hybrid ESUs. In order
to solve this issue, an adaptive frequency division based
power sharing method based on virtual inductance and virtual
capacitance using the input currents at the battery and UC
ports is proposed in this subsection.

FIGURE 6. Overview control diagram of TPC-interfaced HESS.

The overview figure of the proposed control diagram is
shown in Fig. 6, where the proposed virtual inductance
control at the battery port is depicted, including constant
voltage control loop, conventional droop control loop and
virtual inductance control loop.

Since the output power of the battery at the DC bus side
of the TPC is hard to be measured, instead of using the
secondary current to implement the virtual inductance loop

as in the conventional methods with dedicated converter
interfaces for each ESU, the primary current at the battery
port, i.e., ibat, is used as the feedback variable, which is sent
to the HPF to extract the high-frequency components. Then
the HPF output is multiplied by a coefficient Lv and thereby
being added to the outer voltage control loop as a negative
feedback.

The effect of the proposed virtual inductance can be
described as follows.When power or current variations occur,
the high-frequency components of the variation can be auto-
matically extracted and added to the outer voltage loop
through the HPF, and it plays an important role in removing
the high-frequency variations from the output voltage. When
the output power or current of the battery is stable, the output
value of virtual inductance control loop reduces to 0.

When the proposed virtual inductance control are
employed, the reference of the outer voltage control loop can
be expressed as:

v∗ob = vref − r · io − Lv ·
s

τch · s+ 1
· ibat (3)

where v∗ob is the voltage reference generated in the battery
converter control diagram; Lv is the virtual inductance; τch is
the cut-off frequency of the HPF; vref is the reference voltage
at the port #3, ibat is the battery input current at port #1; r is the
droop coefficient; vo and io represent the output voltage and
output current at port #3; ϕbat represents the phase-shifting
angle between port #1 and port #3.

The proposed virtual capacitance control at the UC port
is also shown in Fig. 6. Similarly to the battery port, in the
autonomous operation, a virtual capacitance loop is added in
the control diagram of UC converter using the input current
at the UC port. The proposed virtual capacitance control is
realized by involving a low pass filter (LPF) that uses the
input current at the UC port as its input. Multiplying by
a coefficient Cv, the output of the virtual capacitance loop
is then added into the voltage control loop as a negative
feedback. When the DC bus voltage at port #3 is stable, with
this embedded virtual capacitance, the output current of UC
tends to 0. When RESs or loads variations occur, due to the
existence of virtual capacitance, the voltage control loop can
compensate the transient power adaptively and rapidly.

By deploying the proposed virtual capacitance control,
the reference value of outer voltage control loop v∗oc can be
expressed as:

v∗oc = vref − r · io − Cv ·
1

s+ ωcl
· iuc (4)

where v∗oc is the voltage reference generated in the UC
converter control diagram; Cv is the coefficient of virtual
capacitance; ωcl is the cut-off frequency of the LPF; iuc is the
UC output current at port #2; ϕuc represents the phase-shifting
angle between port #2 and port #3 of the TPC.

The equivalent circuit with the proposed inductive and
capacitive virtual impedances is shown in Fig. 7, where the
UC section is represented using a voltage source connected
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FIGURE 7. Equivalent circuit with the proposed virtual impedance
method.

with a capacitor and a resistor in series, and on the other hand,
the battery section is shown as a voltage source connected
with an inductor and a resistor in series. The HESS is
combined of the above sections, which coordinate and supply
load dynamics in different frequency ranges.

Additionally, since the terminal voltage of UC can be
used to represent the SoC of UC directly, an extra voltage
restoration control loop [25] is added into the control diagram
of UC port. By setting an average as the reference voltage,
the above control loop can ensure the SoC of UC close to 50%
of its maximum value in the steady state so that the UC port
can flexibly participate in compensating the load variations
in both charging and discharging process. The output of the
UC voltage restoration control loop is added to the virtual
capacitance control, which is reflected in the phase-shifting
angle ϕ23. This additional control loop is employed to restore
UC voltage after compensating transient power variations.

C. FREQUENCY DOMAIN ANALYSIS OF TPC-INTERFACED
HESS WITH THE AUTONOMOUS FREQUENCY
DIVISION CONTROL
In order to quantify the frequency division character-
istics considering the phase-shifting control in a TPC,
the small-signal model is established to conduct the
frequency domain analysis. Particularly, by using phase-
shifting control, the power flow among the ports in a TPC
can be derived as [37]:

P13 =
ϕ13(π − ϕ13)V1V3
2π2fs(L1 + L3)

(5)

P23 =
ϕ23(π − ϕ23)V2V3
2π2fs(L2 + L3)

(6)

where P13 and P23 are the power flowing through
port #1/#2 to port #3; ϕ13 and ϕ23 are the corresponding
phase-shifting angles (−π/2 ≤ ϕ13 ≤ π/2, −π/2 ≤ ϕ23 ≤
π/2); V1, V2 and V3 are the equivalent amplitudes of the
line frequency voltage components extracted from the input
square waves; fs is the switching frequency of the input square
wave; L1, L2 and L3 are the total equivalent inductance at each
port.

Let

γp13 =
V1V3

2π2fs(L1 + L3)
(7)

γp23 =
V2V3

2π2fs(L1 + L3)
(8)

The simplified expression of (5) and (6) can be shown as:

P13 = γp13ϕ13(π − ϕ13) (9)

P23 = γp23ϕ23(π − ϕ23) (10)

By perturbing the above power flow relationship,
the small-signal expression of (9) and (10) can be derived
and then transformed into frequency domain, which yields:

p̂13(s) = γp13(π − 2813) · ϕ̂13(s) (11)

p̂23(s) = γp23(π − 2823) · ϕ̂23(s) (12)

where 813 and 823 are the phase-shifting angles at steady-
state operating point; the variables with ‘^’ represent the
small-signal variables.

Meanwhile, by considering the control diagram with
virtual inductance and virtual capacitance loops, conventional
droop control loop and inner voltage and current control
loops, it is obtained that:

ϕ13(s) = [Voref − r · io(s)− vo(s)

− ibat(s) · Glv(s)] · Gpiv(s)Gpic(s) (13)

ϕ23(s) = [Voref − r · io(s)− vo(s)

− iuc(s) · Gcv(s)] · Gpiv(s)Gpic(s) (14)

where Glv(s) and Gcv(s) are the transfer functions of virtual
inductance and capacitance loops; Gpiv(s) and Gpic(s) repre-
sent the inner voltage and current controllers, respectively.

Hence, the small-signal representations of (13) and (14) are
thereby derived as:

ϕ̂13(s)=−[r · îo(s)+v̂o(s)+ îbat(s) · Glv(s)] · Gpiv(s)Gpic(s)

(15)

ϕ̂23(s)=−[r · îo(s)+v̂o(s)+ îuc(s) · Gcv(s)] · Gpiv(s)Gpic(s)

(16)

Combining (11) – (12) and (15) – (16) and considering the
power balance among three ports, it yields:

p̂o = p̂13 + p̂23
= A · v̂o(s)+ B · îo(s)− C1 · îbat(s)− C2 · îuc(s) (17)

where

A = −[γp13(π−2813)+ γp23(π − 2823)] · Gpiv(s)Gpic(s)

B = −r ·[γp13(π−2813)+γp23(π−2823)]·Gpiv(s)Gpic(s)

C1=−γp13(π − 2813) · Glv(s)Gpiv(s)Gpic(s)

C2=−γp23(π − 2823) · Gcv(s)Gpiv(s)Gpic(s)

For the load side at port #3, it is achieved:{
vo = io · RL
po = vo · io

(18)

The small-signal representation of (18) in s domain can be
thereby calculated as:{

v̂o(s) = îo(s) · RL
p̂o(s) = Vo · îo(s)+ Io · v̂o(s)

(19)
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FIGURE 8. Frequency domain analysis results: (a) battery port (Gbat) with
increasing Lv. (b) UC port (Guc) with increasing Cv.

Combining (17) and (19), it is derived:

Gbat(s) =
2r · io(s)− r · A− B

2rC1 · io(s)
(20)

Guc(s) =
2r · io(s)− r · A− B

2rC2 · io(s)
(21)

Therefore, the frequency domain characteristics between
the battery and UC ports (port #1 and #2) and the output port
(port #3) can be shown by using the transfer functions Gbat
and Guc, respectively.
The corresponding frequency domain analysis results are

shown in Fig. 8 (a) and (b) with the system parameters
shown in Table 1. Here, ϕ13 and ϕ23 are selected as 30◦

to show an illustrative operation point. It can be seen that
high-frequency perturbations are dampened at the battery
port, which means that high-frequency components in the
output power at port #3 are blocked at the battery port while
compensated at the UC port only. On the other hand, low-
frequency perturbations are dampened at the UC port, which
means that low-frequency components in the output power at
port #3 are blocked at the UC port while only compensated at
the battery port.

In order to evaluate the stability of the proposed control
diagram, different operation points are tested by exhausting
the phase-shifting angles ϕ13 and ϕ23. In particular, for each
ϕ13 within the feasible range, all the feasible ϕ23 with a fixed
step change are tested to obtain the set of dominant poles.

TABLE 1. System parameters.

Among these dominant poles, the one with maximum real
part (i.e., λmax) is selected and plotted in Fig. 9. Furthermore,
by adjusting ϕ13 within its feasible range, all these dominant
poles (i.e., λmax) can be derived.

FIGURE 9. Real parts of the dominant poles with exhausted
phase-shifting angles.

As shown in Fig. 9, by exhausting the phase-shifting
angles, the real parts of all the dominant poles are less than
zero, whichmeans that the system stability can be guaranteed.

IV. SIMULATION TESTS
In order to validate the autonomous frequency-division
control in TPC-interfaced HESS, a simulation model is
implemented in MATLAB/Simulink. As shown in Table 1,
the input voltage levels of the battery port and UC port
are both 48 V and the load side voltage level at port #3 is
320 V. Meanwhile, the turning ratio of the multi-winding
transformer is 3:3:20.

A. CASE I: LOAD INCREASING/DECREASING
As shown in Fig. 10, when the load power increasing or
decreasing with changing load resistance, it can be seen
that the UC is responsible for absorbing the transient power
during load step-up or step-down, while in the steady state,

25394 VOLUME 6, 2018



P. Wang et al.: Frequency Division Based Coordinated Control of TPC-Interfaced HESSs in Autonomous DC MGs

FIGURE 10. Simulation scenario #1: load power increasing and
decreasing.

the load power is supplied by the battery. Meanwhile,
it should be also noted that the terminal voltage of the
UC decreases or increases when compensating the transient
power. However, this voltage changes at the UC port can be
gradually eliminated by using the additional voltage restora-
tion control loop.

B. CASE II: LOAD CHANGE WITH POWER FLOW REVERSAL
When power flow reversal is triggered by continuous load
decreasing or increasing, the operation mode of the battery
at port #1 is switched between charging and discharging and
the UC at port #2 is still responsible for compensating the
transient power. As shown in Fig. 11 (a), the load power
keeps decreasing from t = 2 s to 4 s. At t = 3.5 s,
a power flow reversal is triggered by the decreasing load
power. Therefore, the battery is switched from discharging
to charging mode. As shown in Fig. 11 (b), when the load
power at the port #3 keeps increasing, which even triggers
power flow reversal, the battery at port #1 can still effectively
provide the steady-state load power with the proposed control
method. Meanwhile, the UC at the port #2 is responsible for
compensating the transient power.

By combining the results in Fig. 11 (a) and (b), it can
be clearly seen that the rational power sharing in the
TPC-interfaced HESS is realized by using the frequency
division control with bidirectional power flow. Meanwhile,
smooth transition between charging and discharging modes
can be also implemented without specifying the reference
power exchange since the proposed TPC-interfaced HESS
system is operated in autonomous operation mode.

C. CASE III: LOAD CURRENT RIPPLE SEPARATION
Since virtual inductance and capacitance are employed in
the frequency division control method and they take effect
on the battery and UC ports respectively, the load current
ripples can be separated based on their frequencies. As shown

FIGURE 11. Simulation scenario #2: (a) the battery switching from
discharging to charging, (b) the battery switching from charging to
discharging.

in Fig. 12, when a periodical perturbation is involved at
the load current, it can be seen that by using the frequency
division control, the battery at port #1 majorly provides the
steady-state current, i.e., the DC component of the steady-
state current. On the other hand, the UC at port #2 is
responsible for supplying the high-frequency ripple current.
Therefore, the load current can be separated between the
battery and UC ports.

V. EXERIMENTAL RESULTS
In order to validate the feasibility of the proposed control
method, a HESS prototype with local load, ESUs and DC bus
is set up. As shown in Fig. 13, the three ports of the TPC are
connected to the battery, UC and DC bus, respectively, and
a local DC load is connected to the DC bus. Two controllers
based on ARMTM core are employed to achieve a low-cost
control framework.
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FIGURE 12. Simulation scenario #3: load power fluctuates periodically.

FIGURE 13. Configuration of the HESS prototype of DC MG.

FIGURE 14. Experimental prototypes: (a) main power circuit,
(b) dual-controller, (c) three-winding HFT, (d) auxiliary power supply,
(e) VRLA battery, (f) UC, (g) breakers, (h) programmable electronic load,
(i) resistors, (j) waveform recorder.

The configuration of the scale-down prototype is depicted
in Fig. 14. The TPC is comprised of a main power circuit,
a three-winding HFT, two controllers with SPI and an
auxiliary power supply. A programmable DC electronic load
is set at the resistance mode and it can be adjusted in the

FIGURE 15. Experimental results of the proposed TPC-interfaced HESS
with frequency division control: load step-up.

FIGURE 16. Experimental results of the proposed TPC-interfaced HESS
with frequency division control: load step-down.

host computer or directly changed by using its control panel.
Therefore, the step-load changes and load fluctuations condi-
tions can be emulated by regulating the resistance of the DC
electronic load.

Aiming at achieving proper power sharing of
TPC-interfaced HESS in different frequency range, corre-
sponding experimental results are shown below.

As shown in Fig. 15, when the load steps up, the load
current iload increases rapidly. With the proposed virtual
inductance and virtual capacitance control method, the UC
current iuc responds to the transient step-up of the load current
iload immediately; then it decreases gradually to zero after
the transient process. Meanwhile, the output current of the
battery increases gradually and eventually becomes stable to
provide steady-state load current.

Similarly, when the load steps down, as seen in Fig. 16,
the UC current iuc rapidly responds to the transient step-down
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of the load current iload, and then it gradually returns to 0.
The output current of the battery ibat decreases gradually
and responds to the steady-state load current variation in the
DC MG.

FIGURE 17. Experimental results of the proposed TPC-interfaced HESS
with frequency division control: periodical load power fluctuation.

In Fig. 17, when the load current iload changes periodically,
the UC current iuc can follow the variation and compensate
the corresponding high-frequency power mismatch. On the
other hand, the output current fluctuation of the battery is
highly attenuated, which validates the effectiveness of the
frequency division based power sharing between the battery
and the UC port.

VI. CONCLUSION
In this paper, a TPC-interfacedHESS in aDCMG is proposed
with autonomous frequency division based control method
implemented using virtual inductance and virtual capaci-
tance. By using a full bridge isolated TPC as the interface
converter among the battery, UC and DC bus, high voltage
conversion ratio, high power density and modular design
can be achieved simultaneously. Simulation and experimental
results validate the rational power sharing between battery
and UC ports in different frequency ranges. It can be demon-
strated that in the proposed system, the steady-state load
current is supplied by the battery port while the transient
power mismatch is compensated by the UC port. A smooth
transition between charging and discharging modes of the
battery is achieved by using the autonomous control method
with virtual inductance and capacitance loops. Furthermore,
the proposed TPC-interfaced HESS is operated relying on
local measurements only, featuring the characteristics of
distributed and scalable architecture.
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