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Design and Development of a High-Frequency
Multiport Solid-State Transformer With
Decoupled Control Scheme

Mohammad Rashidi ““, Necmi N. Altin

Abstract—In this article, a four-port solid-state transformer and
a control scheme to control the power flow and output voltage are
studied, developed, and tested. The converter consists of three ports
with H-bridge converters and one port with a diode bridge rectifier.
The ports with H-bridge converters are capable of bidirectional
power routing as well as reactive power contribution in a volt/Var
control scenario. The diode bridge rectifier provides a dc voltage for
load connection. Different arrangements for the four transformer
windings are analyzed, simulated, and compared to achieve an
optimal design. A new control strategy, which uses a combination
of phase-shift and duty cycle control, is employed to control the
flow of power between the converter branches and to regulate the
output voltage. While phase-shift control ensures the balance of
power on each port based on a reference value, the duty cycle
control keeps the load voltage at a desired voltage level. A high-level
control scheme is employed to determine the power references for
all ports according to the load demand, generation capacity of the
distributed generation system, and state of charge of the energy
storage. The performance of the proposed system is validated with
simulation and experimental analysis. A prototype is designed
and built with 10-kW power rating at each port. The operating
frequency of the system is designed at 100 kHz to obtain a very
compact size for the whole converter.

Index Terms—Duty cycle control, high frequency, multiport
transformer, phase-shift control, solid-state transformer (SST).
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1. INTRODUCTION

HE concept of solid-state transformer (SST) in different

forms has been studied in several articles since early
1980s [1]-[6]. SST is a combination of power electronics (PE)
converters and a high frequency transformer which is used to
connect isolated voltage zones. In addition to the normal func-
tionalities of the conventional transformers [7] such as galvanic
isolation and voltage matching, a PE-based transformer benefits
the power distribution system by enabling active power and
voltage control, and real-time monitoring and control of the
connected elements. Besides, the high-frequency operation of
the transformer makes the total size of the SST much smaller than
a conventional low frequency transformer with the same voltage
and power ratings. There are two major factors driving further
advancement in SST technology; the growing need for the com-
pact and controllable converters to integrate more distributed
energy resources, and the recent developments of high-power
and high-frequency PEs switches which allow efficient operation
of switches at higher frequency [8].

The study in [9] is focused on the local installation of energy
storage as one of the main requirements for the future archi-
tecture of the distribution system for supporting local demands.
When photovoltaic systems, battery units and/or fuel cells are
employed, several two-port dc—dc converters are adopted to
control and manage the system. This need for multiple PE
converters decreases the power density and reliability [10]. The
SSTs in this system provide voltage matching, and galvanic
isolation with improved power density. However, the need for
multiple de—dc converters affects the power density and relia-
bility factor negatively. Multiport converters are good options
to tackle this problem in the systems with multiple converters.
Isolated multiport converters can be categorized in two groups.
In the first group, the converter is designed to connect higher
number of sources than the number of windings to a transformer
[11], [12]. In the system with multiple sources on one winding,
the number of windings and total number of power switches
are reduced, but some of the ports share a common ground and
complete galvanic isolation cannot be obtained. In addition, the
connection of the different voltage levels on the same winding
using one level PE converter is difficult. The second category
has a transformer with one winding for each port. In this topol-
ogy, all of the components are galvanically isolated from each
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other and the transformer turn ratio can be used to adjust the
voltage level between different connected elements. The SST
concept which includes HF transformer and minimizes the size
of the transformer is a proper option for the second category of
multiport converters to keep the size and weight of the converter
optimized.

The SST-based multiport converters have been discussed
and used for different applications including traction (electrical
trains) [13]-[16], electrical vehicle power distribution systems
[11], [17], [18], hybrid distributed generation (DG), and dc
power distribution applications [10], [19]-[22]. In [10], [11],
and [17], three-port dc—dc converter topology and some control
schemes for this topology are proposed and illustrated. The
concept of three-port SST which enables having a dc port for
direct integration of energy storage systems (ESS) into the
power network is described in [23]. In [19], an SST topology
is introduced based on a quad-active bridge (QAB) topology
for utilizing DG in the grid. All of the ports of the QAB are
connected to active switch-based converters.

It is possible to have converters with higher number of ports,
but control and magnetic design complexity limits the number of
ports. The multiport converters presented in [13] and [15] have
many primary windings and two secondary windings which are
connected to two separate traction motors. The voltage on one
side of this converter is medium voltage and several primary
windings are used to interface with the medium-voltage grid.
The power flow is bidirectional between primary and secondary.
However, there is no power flow among the primary windings,
or among the secondary windings.

Multiport SST (MSST) or multiport isolated converter topol-
ogy is an extension version of the dual-active bridge (DAB)
converters. Generally, in the DAB converters, the flow of power
from one port to another is controlled by the phase-shift angle be-
tween these two ports. Several studies have focused on three-port
SST applications [11], [24], [25] which is an extended version
of DAB. Later, four-port systems have been introduced [19].
The phase-shift control in different forms is still the common
method to control the power exchange of the ports and output
voltage regulation [10], [17], [19], [22] and [26] for the DAB
and QAB converters. In the QAB system, the higher phase-shift
value in some operation modes causes high reactive power and
circulating current. Also, under the low-load conditions, this
method results in relatively high current [27]. Therefore, in
some studies, the duty cycle control is applied along with the
phase-shift control to improve the system control [11], [17], [25].
The duty cycle control in these studies is applied to regulate
the supply voltage variations. If the battery or ultracapacitor
is connected to the system, the dc voltage varies with power
fluctuations. In this case, the converter that is connected to this
port acts as a buck—boost converter and the duty cycle of the
converter is controlled to regulate this variation. The duty cycle
control is applied in [ 13] to regulate the power flow and/or output
voltage. The studied system has many primary and secondary
windings, but the power flow is always unidirectional.

In this article, a four-port SST topology is developed to be
used as a compact integration node for several voltage zones
such as DG, ESS, grid and load in a distribution system. Fig. 1
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Fig. 1. Configuration of the proposed MPSST connecting two ac systems, an
ESS, and a DG.

shows the four-port topology of the proposed MPSST of this
study.

Three of the ports of this MPSST include an active converter
for integration of the grid, the ESS and the DG source in
the system. The full-bridge single-phase converters are used
as active converters for these ports. Due to the nongenerating
nature of the load, a unidirectional single-phase diode bridge
rectifier is used in the load port. For the application in the ac
system, each of these ports needs to be connected to a low
frequency single or three-phase inverter. A decoupled power
control model is proposed, and both phase-shift control and duty
cycle control methods are employed to control the power flow
from different ports and the load voltage. A power management
method is developed to determine the share of power of each port
in different operating modes. This method determines the power
references for the ports, and the active converters are controlled
to meet these reference signals. The operation of the proposed
system is validated with MATLAB/Simulink simulation and
experimental tests which are performed on a 10 kW/port MPSST
prototype.

II. PROPOSED FOUR-PORT SST
A. Four-Port Transformer Design

The high-frequency transformer is the main element of the
SST configuration. To have the best performance from the HF
transformer, optimal material and geometry selection of the core,
winding wires are very important. Also, for the case of the
multiwinding transformer of this study, the winding placement
is a significant factor to achieve efficient controllable flux flow
and better coupling coefficient between the windings.

The efficient operation of the transformer is directly affected
by the design of the transformer core and selection of the core
material. For a practical core material selection, four parameters
including flux density, price and availability, optimal frequency
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Fig. 2. Test cases of MPSST windings placement. (a) Case A. (b) Case B.
(c) Case C. (d) Case D ((1-2) represents load port (orange), (3—4) represents
DG port (green), (5-6) represents ESS port (blue), and (7-8) represents grid port
(purple).)

range, and core losses are considered. Silicon steel, ferrite,
amorphous and nanocrystalline are studied as the core mate-
rial options for this transformer. The operating frequency is
determined considering various factors including, power den-
sity, switching losses, and core losses and copper (winding)
losses. There are some studies about the relation between the
operating frequency and these losses [28]-[31]. Based on these
parameters, the maximum operating frequency of the converter
is determined to be 100 kHz. Ferrite is the selected material for
the core of this transformer. Although the flux density of the
ferrite is smaller (<0.4 T) than the other materials, it has the
best power loss characteristics at higher frequency operations.
Also, ferrite is easily available in the market in different sizes
and lower prices.

A minimum level of leakage inductance is required to obtain
power flow and limit the winding current. However, large leak-
age inductance value also limits the power transfer capability
of the system. Therefore, the placement of the four windings
of the transformer is also investigated. The winding placement
affects the leakage inductance, winding to winding capacitance,
coupling factor between the windings, and the length of the wire.
Four of the possible winding placement options are considered
and simulated in ANSYS/Maxwell 3D software to calculate
the coupling factors for different cases. The winding placement
cases are shown in Fig. 2. The simulation results for these four
possible options are given in Table I. The winding placement
of Cases B and C provide the best coupling coefficients for
feeding the fourth winding. However, Case B uses more wires
for the windings which increases the wire resistance and affects
the efficiency negatively. Thus, Case C is selected as winding
placement for the proposed four-port transformer design. The
obtained flux distribution from simulation studies is given in
Fig. 3. As it is shown from the figure, no significant saturation
occurs at the worst case of the frequency (100 kHz).
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TABLE I
COUPLING COEFFICIENT FOR DIFFERENT WINDING PLACEMENTS

Case A Wi W2 W3 W4
W1 1.00 0.93 0.94 0.94
w2 0.93 1.00 0.94 0.94
W3 0.94 0.94 1.00 0.92
W4 0.94 0.94 0.92 1.00
Case B Wi W2 W3 W4
W1 1.00 0.99 0.99 0.99
w2 0.99 1.00 0.99 0.99
W3 0.99 0.99 1.00 0.99
W4 0.99 0.99 0.99 1.00
Case C W1 W2 W3 W4
W1 1 0.92 0.93 0.97
w2 0.92 1 0.93 0.97
W3 0.93 0.93 1 0.97
W4 0.97 0.97 0.97 1

Case D W1 W2 W3 W4
Wi 1 0.93 0.97 0.97
w2 0.93 1 0.97 0.97
W3 0.97 0.97 1 0.97
W4 0.97 0.97 0.970 1

B [teslal

2.0000E-01
1.8667E-01
1.7333€-01
1.6000E-01
1.4667E-01
1.3333€-01
1.2000€-01
1.0667€-01
9.33336-02
8.0000E-02
6.6667E-02
5.33336-02
4.0000E-02
2.66676-02
1.3333€-02

Fig. 3.  Flux distribution of the proposed four-port transformer.

B. Four-Port Converter and Control Design

The control of the four-port SST is based on the same equa-
tions as the control of a DAB converter. Therefore, the equation
for delivered power from port-x to port-y is written as follows
[2]:

V'V

sz = —¢zy ('/T - %y)

Zszsty ¢my = (ZSCE - ¢y (1)

where P, is the power (W) transferred from port-x to port-y;
¢, and ¢, are phase-shift angles (radian) of the converters
connected to port-x and port-y, respectively; V., and Vy’ are
dc voltages (V) referred to the ac side of port-x and port-y,
respectively; fs is the switching frequency (Hz) and L, is the
equivalent inductance (H) between the port-x and port-y.

In this study, a four-port SST is proposed as depicted in Fig. 4.
Here, Ly, Lo, L3, and L, are the corresponding winding leakage
inductances combined with external inductors. For simplicity,
mutual-leakage inductances presented in [24] are not considered
here. The power flow between any two ports is calculated by
(1). The equivalent circuit given in Fig. 5 can be obtained from
Fig. 4. Here, L,, is the magnetizing inductance; L, is the leakage
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Fig. 5.

Equivalent circuit of the four-port SST.

inductance of port-1; and L, L%, and L/, are leakage inductances
of Ports 2—4 referred to the side of port-1; vy, v5, ¥4, v} and iy,
i5, 1%, iy are port voltages and currents referred to the port-1.
It is clear from Fig. 5 and (1) that the equivalent inductances
between the ports should be obtained to calculate the power
flow. Thevenin equivalent circuit can be used for this purpose.
The Thevenin equivalent circuit between the port-x and port-y
referred to port-1 is given in Fig. 6(a) [19]. Equations for the
equivalent inductances are given in the Appendix.

Similarly, the Thevenin-equivalent voltages can be written
for this circuitry. However, the Thevenin-equivalent voltage of a
port is not the same for every power flow analysis. For instance,
the Thevenin-equivalent voltage of port-3 is written in (2) and
(3) when power flows from port-1 to port-3 and from port-2 to
port-3, respectively

— Loy o 2)
TH3, 3 LyL's+ LDy + L5 Ly 3
rr
'UTH3273 = 1 : : (3)

L5+ LWLy + L3l o

After obtaining all of the equivalent inductances between
the ports, the equivalent circuit, which is used to calculate
the flowing power between the ports and total port power, is
calculated and shown as in Fig. 6(b). According to the current
directions, the power equations for each port can be written as
follows:

P, =Py — Py3— Py 4
Py = Pi3+ Pz — Py ©)
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Fig. 6. (a) Thevenin equivalnet circuit between the port-x and port-y referred
to port-x. (b) Equivalent circuit representing equivalent inductances among the
ports.

Py = Py + Py + Py (6)
P =-P,—P— P, %

Then, using (1) and (4)—(7), power equations for each port
can be obtained. The obtained power equations are given in the
Appendix. It can be seen from equations that the power of each
port depends on all of the three phase angles. This makes the
control of the system very complicated. Therefore, a small gain
(x + Ax) linearization method is applied to the power equations
to decouple the equations. Then, power equations have steady-
state and perturbation variables as Py, ¢, AP,, and A¢, [32].
These A¢, perturbation control variables can be used in control
loop to control the power flow, and power variation components
can be written in the linear system equation form as follows:

AP =K -A¢ (8)
APZ ((Z +b+ C) —b —C A¢2
AP = | b (b+d+e)  —e Ads
AP, —c —e (ct+e+f)]| |Ads

©)
where 0 = S (<202 + ), b= TR (<2054 20,
T) 0= Tt (L0, 4 26y + ), d = S (D5 ),

ViV- ViV
€= %(—2% +2¢,+m), and f:%(_zm ).

The control variable can be calculated depending on the required
power variations in accordance to

Ap=K ' AP. (10)
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TABLE II
PPM MODES OF OPERATION FOR THE MPSST CONVERTER

Constraints Power Sharing
|PpG| > [Proad| |Pg| = |Ppa| — P
1
S0C>0.95 Pes| =0
5 |PuI<IPog| <|Pi|+(0.95~S0C) « |Pa|=0
Beap SOC < 0.95 |Pes| = [Poal| — P
3 [P +(0.95=S0C) * Beay < |Poc| |Pes| = (0.95-S0C) * Beap
SoC<0.95 [Pl = |Ppa| = |Pv| = |Pes|
|Pg|=0
4 |P|=|Ppg
|PL| = [Ppd Prs| =0
s |Ppa| < |PL| < |Ppg| + (SoC —0.2) * [Pc|=0
Beap SOC >0.2 |PEs| = |PL| — |Ppg|
¢ |Pool+(80C~02) * Beay < |P1| |Pes| = (SoC — 0.2) * Beap
SoC>0.2 [Pgl = |PL| = |Ppg| — |Pgs|
|PES| = 0
7  |Ppg|<|Pr|SOC<0.2
Pra=h [Pal = IP1| Pocl

As it is shown in (10), the power variation of any port is
dependent on only its control variable, and thus decoupled power
flow control is obtained.

III. SYSTEM POWER AND VOLTAGE CONTROL

A. Power Sharing Control Strategy

The phase-shift control method controls the power flow be-
tween the ports. The power reference for each port should be
determined to sustain the operation of the system. Thus, the first
layer of the system control consists of a power sharing control
logic which generates the current reference for each leg based on
the parameters of the sources. Different constraints and priorities
can be defined and based on them different power sharing control
algorithms can be designed for this purpose. In this study, the
proposed algorithm is called the pool of power method (PPM).
PPM uses the state of charge (SoC) of the ESS, power generation
capacity of the DG port, and the load demand as inputs of the
decision-making chart, and calculates the power reference of the
of the different ports as expressed in

[Pc, Pes] = f (SoC, Ppa, Pr). (1D

Assuming the grid connection port is always available with at
least the capacity equal to the maximum of the load, the system
is planned to always supply the load power demand and absorb
all of the generated power of the DG. The outputs of the PPM
chart are the exchanged (positive or negative) power of the grid
and energy storage ports. This chart is continuously running
during the operation of the system, as the DG power and SoC of
the energy storage are changing during the operation. Various
power sharing scenarios for the converter are given in Table II.
Seven possible modes of operations are defined for the power
sharing of the proposed four-port SST topology. Beside the main
constraints of meeting the load demand, the extra generated
power of the DG port is stored by energy storage or exported to
the grid in some operation modes. The priority chart of Table II
is the decision-making process to determine the demanded share
of power at each port. Ultimately, the load demand should be
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Fig. 7. Output voltage of each active H-bridge converter.

equal to the summation of the power provided from the other
ports of the converter.

B. Duty Cycle Control

The proposed four-port SST topology employs three high
frequency H-bridge inverters on the three active ports and one
diode rectifier on the load port. Although the power balance
between the source ports and load port is ensured and output
voltage can be kept constant at its desired level by controlling
the phase-shift angles of the three ports, especially under the low
load condition, increasing the phase shift increases the reactive
power and RMS value of the current [27]. This reactive power
does not support the active power flow, but it circulates through
the leakage inductances and MOSFETSs and/or antiparallel diodes
(depending on the switching state and current polarity). The
converter suffers from high circulating current and its efficiency
deteriorates. Therefore, besides the phase-shift control, the duty
cycle control is presented for controlling this converter. By
adding a phase shift between the legs of the converters on the
active ports, duty cycles and effective values of the voltages
applied to the transformer windings are controlled as shown in
Fig. 7. The ac side waveform of each converter is a repeating
square wave voltage. Equation (12) defines this voltage

1 0<t<ty,
0 ton <t < L.
V, = on = 2 (12)

-1 L<t< T +ton
0 Lten<t<T
Here, the ratio between the 7., and T in Fig. 7 is the duty

cycle (D) of the waveform. The general Fourier transform for
this waveform including the phase shift is described by

Vi(t) =) (anicos (nwot))

n=1

) 2Vpci . toni
ap; = 2 - —=gin | nw :
T

nm

13)

(14)

These equations show that the harmonic content of the wave-
form changes by changing the duty cycle of the square-wave
voltage. The RMS value of this voltage is described in

VRMSSquarc = VPSquarc V2D.

Since the duty cycle control changes the harmonic content
and RMS value of the output voltage of each inverter, it will

15)
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Fig. 8. Block diagram of the proposed decoupled controller.

ultimately affect the voltage regulation. This capability expands
the range of power adjustment of the controller. The proposed
control of this study includes an outer control loop which adjusts
the duty cycle for different load situation. Then, the decoupled
phase-shift control will enforce the expected share of power of
each port as well as voltage and power regulation at the load port.
The complete control block diagram that employs phase-shift
control and duty cycle control is shown in Fig. 8.

C. Dynamic Analysis

The proposed system has four ports which includes a load
port, a DG port that provides unidirectional power flow, a bidi-
rectional port for the grid, and ESS ports. Since there are four
control parameters (three-phase shift angles and a duty cycle
value), modeling and analyzing the system with traditional meth-
ods are not straightforward. Therefore, in this study, dynamic
performance of the system is investigated with a numerical
model. Since there are four ports, and the operation conditions
of the system are dependent on DG source, ESS and/or grid
conditions, a test scenario is selected to make a dynamic analysis.
In this scenario, the power levels of the DG and grid ports are
considered as constant. Then, an abrupt load change is applied to
the load port and dynamic performance of the proposed system
and the control scheme is investigated. The system control block
diagram for this condition is depicted in Fig. 9(a). The control
blocks for the DG port and grid port are not depicted in the figure.
However, since the phase-shift angle values of these two ports
affect the power level of the ESS port, they have to be considered,
and thus they are shown in the figure. The phase-shift angles and
power levels for these two ports are calculated using (10), (15)
and (22)—(24).

The dynamic response of the proposed four-port transformer
and decoupled control scheme with duty cycle control is shown
in Fig. 9(b). Here, the input voltage for the three ports is constant
at 200 V, and the output voltage reference is 400 V. The gains of
the PI controllers are K, = 500, K;; = 12500, K, = 1000,
K> = 15000. It is seen that the proposed system has fast dy-
namic response. Since the load-side capacitor is not considered
in the model, there is an instant decrease on voltage. However,
the proposed method can recover it very fast. In addition, the
performance of the decoupled control is also shown in the figure.
When the load changes, the required power is provided by Port
3 (ESS port) and the power levels of Port 2 (DG port) and Port 4
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Fig. 9. (a) Control block diagram used for dynamic analysis for given test
scenario. (b) Simulation results of the dynamic response of the proposed system
for given test scenerio. (c) Experimental results of the dynamic response of the
proposed system for given test scenerio (Ch.1 is the grid current (5 A/div), Ch.
2 is the DG current (5 A/div), Ch. 3 is the load current (5 A/div), and Ch. 4 is
the load voltage (100 V/div)).

(Grid Port) are kept constant by controlling only duty cycle
and the phase shift of each port. The same scenario is tested
with experimental setup. Again, the DG power and grid power
references are kept constant, and step load change is applied to
the load port. The output voltage (Ch. 4), the grid port current
(Ch. 1), DG port current (Ch. 2), and load current (Ch. 3) are
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TABLE III
SYSTEM PARAMETERS

Characteristic Value

Input Voltages 200-400V
Passive Port Output Voltage Load leg 400V
Nominal Power Each port-10kW
Target Frequency 100kHz

Transformer Core Material
Transformer Winding Wire
Leakage and Magnetizing
Inductance

Chosen Switch Modules

Fast Recovery Diode Modules
DC Bus Capacitors

Ferrite, B: 0.25T
Litz Wire, Eq 8AWG- 38AWG strand
Lx(l-4)= 2IJH’ L,,,=75]J,H

SiC MOSFET module
IXYS DSEI 2x 61-10B X2
68 uF

Interface
Board

Control

SiC MOSFET ¥
Modules and
Gate Drivers

Diode Bridege
Rectifier and
Load Port

Four-port HF
Transformer

Fig. 10.

Implemented 10 kW/port MPSST in the lab.

given in Fig. 9(c). Since the DG power reference and grid power
reference are balanced, the required power is provided by the
ESS port. It is seen from the figure that the proposed system is
stable and provides fast dynamic response.

IV. SIMULATION AND EXPERIMENTAL VALIDATIONS

The proposed four-port SST and the control scheme is vali-
dated using simulation and experimental results. The simulation
is performed in MATLAB/Simulink environment. The control
scheme is implemented on Altera field-programmable gate array
board. The switching frequency is 100 kHz for all of the four
ports. The system parameters used in the transformer design,
simulation and experimental studies are given in Table III. The
hardware setup is shown in Fig. 10. The voltage value of the
input ports is 200 V and kept constant, and the reference value
for the output voltage is 400 V.

Itis assumed in the proposed system that one port is connected
to the DG source, the second port is connected to the battery
ESS, next one is connected to the grid, and the last port is
connected to the load. In this system, many different scenarios
can be designed and implemented. Since the main purpose of the
study is four-port SST and control scheme design rather than the
energy management algorithm design, some simple assumptions
have been done about the power references of the ports. The DG
port is controlled to obtain maximum available power from the
DG source. Therefore, it is assumed that a MPPT controller
provides a power reference for the DG port. The power levels
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Fig. 11.  Transformer winding voltages obtained from experimental studies for
0°, 5°, and 10° phase-shift angles. (a) D = 0.5. (b) D # 0.5.

of the DG and load, battery SoC level, and grid condition (it is
connected or not) are important for the battery and grid power
references. For simplicity of the lab test, a power reference for
the battery is randomly selected and the grid power reference is
generated by a PI controller to keep the output voltage constant.
Thus, power references for all three ports are obtained. While the
phase-shift control is responsible for the power sharing among
the three non-load ports, duty cycle is applied to keep the output
voltage at the desired level.

The designed MPSST is tested for different conditions with
different phase shift and duty cycle values. The experimental
results for the converter output voltage on the transformer wind-
ings are given in Fig. 11(a) and (b) when the D = 0.5 and for
D + 0.5, respectively. It is seen in the figures that the designed
transformer fulfills the design requirements for both D = 0.5
and for D # 0.5 conditions. As it is seen in the experimental
results, three inverters generate and apply square-wave voltages
to the three ports of the four-port SST with the calculated phase
shifts and duty cycle value. As a result, a square-wave voltage
is generated at the fourth port of the transformer. When the duty
cycle is less than 0.5, the zero-voltage intervals are generated
on the inverter output voltages, which will affect the amount
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Fig. 12. Transformer winding currents for D = 0.5. (a) Simulation results.
(b) Experimental results (Ch. 1 is the most leading; Ch. 3 is the most lagging
port.)

of the power transferred among the windings and decrease the
circulating current. In this case, the load port voltage has also
zero voltage intervals, and the length of this interval can be used
to control the transferred power to the load. In addition, the test
results are showing that the duty cycle control does not cause
any instability.

While the load power and Port 2 (Ch.1) power reference are
kept constant, the power references of Port 3 (Ch. 2) and Port
4 (Ch. 3) are changed to test the performance of the four-port
SST and the proposed decoupled control scheme when the duty
cycle is 0.5. The transformer currents of the proposed four-port
SST are given in Figs. 12 and 13.

Since the total power transferred to the load port and load
resistance is constant, the output voltage stays constant. The
phase-shift values define the power flow between the ports and
controls the total exchanged power of each port. When the
change of the reference power is applied, the proposed control
scheme calculates the power error and determines the phase-shift
angle for each port. Since the power reference of Port 2 (Ch. 1)
is kept constant, the current of Port 2 (Ch.1) slightly changes.
However, there are quiet changes on Port 3 (Ch. 2) and Port 4
(Ch. 3) currents. In both figures, Port 2 current (Ch.1) is the most
leading one. While the most lagging one is Port 4 current (Ch. 3)
in Fig. 12, and Port 3 current (Ch. 2) is the most lagging one in
Fig. 13. The applied phase-shift values control the port currents
and thus the port powers. Consequently, the power transferred
to the load port is also controlled.
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The duty cycle control benefits the system by increasing the
degree of freedom of the system and helping to decrease the
circulating current. The currents of the transformer windings of
the proposed four-port SST from simulation and experimental
test are given in Figs. 14 and 15. Here, while the phase-shift
values are controlled to track the reference power of the ports,
the duty cycle value is controlled to keep the output voltage at its
desired value. In these figures, phase-shift values are almost the
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four-port SST for different operation conditions.

same, but while the most lagging port is Port 4 (Ch. 3) in Fig. 14,
the most lagging port in Fig. 15 is Port 2 (Ch. 2). However, the
duty cycle value in Fig. 14 is lower than the duty cycle in Fig. 15
due to the port power references. Under any condition, the output
voltage is kept constant. It is seen that the duty cycle control does
not introduce any negative effect on the system performance, and
it makes the control easier and helps in decreasing the circulating
current. The duty cycle control also provides operation condi-
tions with lower phase-shift values, which decrease the reactive
power flow and improves the efficiency.

In Fig. 16, the output voltage and its reference signal wave-
form, and the output current waveform are shown in Port 1.
As it was explained before, the reference currents for Port 2
(DG port) and Port 3 (grid port) are randomly determined and
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some variations are added. The reference current waveform for
Port 4 (ESS port) is generated with the PI controller and output
voltage error signal. In addition, step load changes are applied
and both steady-state and dynamic performance of the proposed
control scheme are tested. As it is seen in the figure, the output
voltage, Port 2 current and Port 3 current are all tracking their
reference signals. The results show that the proposed system is
stable and provides fast dynamic response, and the performance
of the proposed control scheme is validated. In Fig. 17, currents
of the three supply ports (Ch. 1, Ch. 2, and Ch. 3) and the output
voltage (Ch. 4) are given at the applied reference variation. The
power reference is increased for Port 2 (Ch. 1), increased and
reversed for Port 3 (Ch. 2), and decreased and reversed for Port
4 (Ch. 3). It is seen that the proposed four-pot SST and duty
cycle-based control scheme provide stable operation and fast
transient response without any oscillations.

V. CONCLUSION

In this study, a four-port SST topology, including three active
bidirectional converters and one diode bridge unidirectional
converter, is introduced. The converter is developed for fast,
modular, and isolated utilization of DG/ESS in the power sys-
tem. The circuitry of the converter is mathematically analyzed,
and a two-layer control method is developed for controlling
the power flow among the ports of the converter and voltage
regulation at the uncontrolled output port. The proposed control
combines the phase-shift control method and duty cycle control
in order to provide wide range of power flow control and voltage
regulation. In order to decouple the power sharing equations of
the multiport system, a small signal linearization is applied to
the equations. Also, a higher level controller is employed to
define the power references for each port based on the status
of each power source and the load. The power sharing logic
receives the status of the connected components such as SoC of
the energy storage, generation capability of the DG and grid
connection, and specifies the share of power for each port.
The proposed four-port SST is implemented using SiC MOSFET
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modules operating at up to 100 kHz frequency. The winding
configuration of the four winding transformer is analyzed to
achieve the best performance for the transformer. The proposed
control method is validated with simulation and experimental
results. Both simulation and experimental results show that the
proposed system can control the power flow among the ports
and the load port voltage independently. It is also shown that the
proposed system provides smooth control and power transfer
between the ports.

APPENDIX

By neglecting the magnetization inductance, the equivalent
inductances between the ports can be written as follows:

LiL'3L s+ Ly L5 Ly + Ly La L' + L L3 1y

Ly =1Ly = Tily
(16)
Lis— Ly — L3y + L L)Ly + L L'h L5 + L', L5 L4
) . L)Ly
(17
Lis— Ly — L\L'sLy+ L Ly L'y+ L L'hL's + L', L5 L4
L'y L'
(18)
Loy = Loy — L\L3L 4+ L\ L' L'y + L1 L» L5+ L', L/3L 4
) i LIy
(19)
Lot = Ly — L\L3L 4+ L\ L' L'y + LiL» L5+ L', /3L 4
LiL/5
(20)
Lay = Lys = L3y + L L)Ly + L L', L5 + L,2Ll3L,4.
; L/,
(21

Then, by using (1) and (4)—(7), power equations for each port
can be obtained as follows:

-~ ViV, VaVrns,
P = mqh(ﬂ—(ﬁz)—m(@—%)
VoVras, ,
X (T—¢o + ¢3) — m (2 — @) (T — 2 + ¢Pa)
(22)
~ ViVrms,, VaVrns, |
Py = m%(ﬁ—%)—m(@—%)
VaVras, ,
X (T—¢3 + ¢2) — m (3 — ¢a) (M — ¢3 + ¢4)
(23)
~ ViVrma,, VoVraa, ,
Py = m@ (7 — ¢a) — 22 Loy (¢a — #2)
VaVras, ,
X (T—¢4 + ¢2) — m (b4 — ¢3) (T — Pa + b3) .

(24)
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It can be seen from the above equations that the power of
each port depends on all of the three phase angles. This makes
the control of the system very complicated. To decouple the
equations, a small gain (x + Ax) linearization method is applied
to the power equations given in (22)—(24), then power equations
have two components P, and AP, as follows [32]:

P+ AP, = % (2 4+ Ad) (1 — ¢ — A¢h)
WV, 2-3
- ﬁ (2 + Agy — p3 — A¢p3)
X (T — ¢ — Ao + ¢3 + Ads)
VoVras, ,
T L (2 + Ay — ps — Apy)
X (T — 2 — Ao + ¢4 + Adpy) (25)
Prot APy = 3500 (G4 Aga) (7 - 63 - Ay
VoVrns,
- % (P3 + Az — dpr — A¢h)
X (T —¢3 — Ads + ¢2 + Ag)
ViV, ,
o 03+ A5 — 64— Agy)
X (T — 3 — Ad3 + ¢4 + Ady) (26)
Puot APy = 3 (G Agu) (m = 64— Ads)
VoVras, ,
T L (P4 + Ay — pp — A¢p)
X (T — ¢4 — Ads + ¢2 + Ag)
VaVrns, ,
A (4 + Ay — 3 — Ag3)

X (T — ¢4 — Ads + @3 + Ad3) .

Here, the power component P, represents the operation point
of the converter depending on V., V,,, L.y, Vi, ¢z, and ¢y,
and A P, component represents the power variation depending
on the variation on A¢,, and A¢,. This makes A¢, and Ag,
perturbation control variables. These perturbation variables can
be used in the control loop to control the power flow. Then,
power variation components can be written as follows:

27)

AR = %(—2¢2+W)A¢2— %
X (=203 + 2¢a+m) Ay + %
X (=2¢3 +2¢2 + ) Ay — %
X (—2¢4+2¢2 + ) Adps + %

X (—2¢4 +2¢y + ) Ay (28)
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AP = g (2w A ks

X (=2¢3 + 2¢r+7) Mg — %

X (=203 + 2 + 1) Ady — %

X (~264+265 + ) A + %

X (=204 +2¢3 + ) A3 (29)
AP = i (2 Ak 5

X (=24 + 2¢2+7) Ay — %

X (=204 + 262 + 7) Ay + %

X (~24+265 + ) Ay — %

X (=204 + 203 + ) A3, (30)
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