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Abstract—Solid State Transformers (SSTs) are being consid-
ered as a replacement to the classic transformers especially for
renewable energy and energy storage systems mainly due to their
much smaller size and controllability and regulation over the
transferred power. Multi-Port SSTs share one high frequency
core for the isolation between several devices and hence are even
more compact and efficient but the system is complex and the
control of such a system is a challenge. This paper considers
a four-port, MPSST connected to a renewable source, battery,
load, and the grid and discusses various scenarios and operating
points. It is shown that several factors including the ratio of the
renewable power to the load, battery SOC status and role of
the battery in the system change the desired power flow in the
system and there are several control structure needed for each
mode of operation. These modes of operation and the boundary
between them are recognized and eventually a MIMO control
scheme is suggested that includes several switches to changes
the structure of the controller to adjust the controller structure
to the operating condition. Eventually, input-output linearization
technique has been adopted to the system to linearize the model
and achieve a better control performance.

Index Terms—Input-Output linearization; MIMO control sys-
tem; multi-port; solid state transformer.

1. INTRODUCTION

A solid-state transformer (SST) have been an important
candidate to replace the conventional low-frequency trans-
former (LFT) due to their reduced size, lower weight and
enhanced functionalities. The initial studies on SSTs have
been presented in 1970s [1], and they have been investigated
for high power density systems such as traction and power
distribution system applications [2]-[4]. Increasing renewable
penetration to the grid and rising smart grid concept have made
them popular for low to medium voltage level applications
with their unique features such as VAR compensation, voltage
regulation, fault isolation, and DC connectivity [5], [6]. The
main difference between the SST and the conventional LFT
is the medium- to high-frequency isolation. Although this
medium- to high-frequency isolation requires additional power
electronics converters, it still provides significant improvement
in size and weight.

Since both input and output of the SST are connected
to power electronics converters and controlled continuously,
multi-port SSTs (MPSSTs) have been presented to integrate
more than one energy sources such as distributed generation
(DG) and/or energy storage system into load or utility grid [7]-

[9]. Proper design of the turn ratios of the MPSST provides

interconnection of different kind sources with different voltage
levels. In [10], a MPSST has been proposed and controlled as
an inter-grid power flow controller. In this study the MPSST
with three-port is used to interconnect the renewable, battery
and utility grid. A three-port SST employing two different
transformers has been also proposed. In this system, a three-
leg inverter is employed to provide parallel connection of the
two secondary windings. It is reported that, one of the source
can be disconnected form the system easily, and the circulating
current is reduced. While one of the input port is responsible
with output voltage control, the other one provides balanced
power distribution between the windings. However, it requires
higher number of switches and two separate transformers
[11]. In [12], a three-port MPSST has been proposed for
a fuel cell-storage hybrid energy system. Three ports are
connected to the fuel cell, the energy storage (battery or
super-capacitor) and the load. However, for the second storage
device, second three-port transformer is used and controlling
these two three-port transformers is proposed instead of single
four-port transformer and controller design [12].

In [7], a MPSST with four ports to interconnect the PV
system, battery energy storage unit, the load and the utility
grid have been presented. An average model is presented for
the converter circuits. Single-input single-output techniques
with different bandwidths have been used for the control
design [7]. The phase shift modulation method is commonly
used in dual-active bridge converters and MPSST applications.
However, the converter should be properly designed to obtain
zero-voltage switching (ZVS) for entire operation range. In
addition, the circulating current is high with this method [13].
Triangular current modulation strategy which uses the duty
cycle to control the power transferred among the bridges is also
applied to the four-port MPSST [13], [14]. The zero-current
switching for converter switches and lower circulating current
can be achieved with this modulation strategy. However,
because of the triangle wave of the current, the root-mean-
square (rms) value of the current on switches and transformer
can be higher which may lead higher conduction losses [13].

A MPSST with n-port requires n converter circuits. The
power flow between the ports of the MPSST can be controlled
with the phase-shift angle between the gate signals applied to
each converter. Although this increases the control degree-of-
freedom, it also increases the control system complexity in
case of higher number of ports.
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Fig. 1. A four-port MPSST, topology and power flows.

In this study, a four-port SST which is connected to a
renewable energy source, battery based energy storage, load
and the grid is proposed, as shown in Fig. 1. The operation
modes of the proposed MPSST has been analyzed related to
state of charge (SoC) of battery, power level of renewable
energy source and the load demand. The multi-input-multi-
output (MIMO) control scheme is presented to define the
operation modes and to control the whole system. Performance
of the proposed control system is validated through the MAT-
LAB/Simulink simulation results.

II. MODES OF OPERATION

A four port MPSST is considered in this paper. Ports are
connected to the grid (G), renewable (R), Battery (B), and the
load (L). Fig. 1 shows the power flow in such a MPSST. While
the renewable and load are one directional, battery and grid
can transfer bidirectional power. Four conditions can happen
based on the renewable power in compare to the load power
as shown in Fig. 2. Condition a is when the renewable power
is much higher than the load, the load demands much higher
power than renewable can provide in d and b,c fall in between.

Three scenarios of operation have been considered in this
paper. In the first scenario, the system is connected to the
grid but the battery is only available for UPS like reserve and
needs to be charged but not used as it is shown in Fig. 3.
The direction of the power depends on the relative power of
the renewable and the load ,conditions, as well as the battery
SOC.

The battery can be charged and discharged freely in the
second scenario, Fig. 4, and the third scenario describes an
autonomous system, Fig. 5. The desired power flow is shown
in each scenario based on the conditions and SOC of the
battery in Figs. 3-5. Also, the control strategy for each port is
summarized with orange font color in these figures.
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The power transfer is being realized by phase shifting the
square wave output of H-bridge converters connected to each
port. The power transfer equation for a two port SST, is shown
in (1) where ¢ is the phase shift between ac voltages [15].

nViVa

P= el =) (M)

The angle reference is considered to be the load converter
and all of the other phase shifts are compared to the load
converter. The load port only receives power, therefore the
angle of this port is considered the maximum of ¢ = 7/2.
Fig. 6 summarizes the phase shift control policy on the of each
port to achieve the required power flow. The table makes it
clear that the load voltage needs to regulated at any time by
either of the renewable, @R, battery, ¢, or the grid, ¢q.

In scenario 1 and 2, regardless of conditions and SOC, re-
newable converter operates at maximum power point tracking
(MPPT) because even if there is excessive power, it can be
injected to the grid. For scenario 3 which is stand alone, if the
renewable is generating more power than the load and battery
maximum charge current, the control system of the renewable
should change to the load regulation.

The battery converter either charges the battery at the maxi-
mum charge current, maximum discharge current, zero battery
current or the load voltage regulation. The grid converter is
either regulates the load voltage or regulates zero power at the
grid port depends.

III. MPSST MODEL STATE SPACE REPRESENTATION

State variables are capacitor voltages and transformer leak-
age inductance current. The assumption has been made that
the magnetizing current is much smaller than the rest of the
currents and the core does not saturate. Since all of the four
converters are identical, the equations are written for one of
them with subscript of 2 which can be R, B, G, or L. The top
and bottom switches are complimentary and hence only top
switches are mentioned here. S,;, and Sy, are top switches
of the first and second leg of any of the converters. To simply
equations, the modulation index M, is used as the difference
between switching functions (2). DC link voltage equation is
(4). C is the DC link capacitor.

Supz - prz' - 2Sapz —1= M.L (2)
d 1
ﬁv—l(f - M,I,) )

To find the transformer current equations, KCL needs to be
solved at the middle virtual node, V,, of the transformer. The
current on branch x is described by (5). r and L; are winding
resistance and leakage inductances respectively.

d 1 Ve

I, = (M;rif‘/:)

% fl 9 - TIz) 5

Four transformer currents cancel out each other. By adding all
four currents, V,, can be found as (7). (5) can be rewritten as
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Fig. 6. Summarized control principal for each converter and all of the possible modes of operation.
] d
(®). gX [ Huigr +usgs + -+ umgm (17)
Ir Ir 3 -1
i IB 7L IB +MRVR —1 MBVB 3
1 v dt IG Ll IG 8Ll -1 8Ll -1
- R 1 I -1 -1
= (D_ M~y —4V,) (6) L L
1 V. -1 -1
Vo= ZM? (7 MeVe | —1| | MiVi | -1 (18)
d 1 Ve 1 V; 8L; 3 8L, -1
— I, = —(My— — - M;— —rl 8 -1 3
gile = 7 Moy = 1 2 Mimy —71a) ®)
IV. APPLYING INPUT-OUTPUT LINEARIZATION
TECHNIQUE
State space representation of the system described in Fig. 1 is
shows in (18) which has the general form of (17). It is assumed The four transformer currents are linearly dependent as one
the inverters generate square waveforms with the maximum of them is the negative summation of the others (19). For the
duty cycle. purpose of the control system the angle of the voltage on the

load converter is considered as the reference angle for other
the phase shift of other converters. The phase shift of the load
converter is a constant value at 45° which is the middle of
the 0 — 90° range. The load current is eliminated in the state

1
—VR = 6(1’1 r— MgIR) (9) space representation of (18) to arrive at (20).
1
—VB = 6(113 - MBIB) (10) In=-(Ur+1p+Ic) (19)
d 1 IR TIRfl/SMLVL 3
_ 1 M
o =g he - Malg) an - A S — vy | 4 MRVR
dt L; 8L,
d 1 IG T‘IG —I/SMLVL —1
a(llL — M_IyL) (12) 4 4
d 1 L MeVe g0} McVe [ (20)
—1 AMRVr — (MpVe + MV, + MgVea) — 8rl -
= 8Ll( rVr — (MpVe + ML Vi, + Mg V) — 8rlR) sLi |\ SL; 3
(13)
d 1 Like most of the power electronic state space model
—1 AMpVp — (MgVRg + MLV, + MgV, 8rl ’
at'? 8L, ( Ve = (MgVi + MLVy + McVe) = 8r B) MPSST is nonlinear as well because it has input multiplied
(14) by state variables. Input-Output linearization has applied to
d the system to linearize it. Equation set of (20) is already
%IG 8L, (4MGVG = (MgVi + MpVp + ML VL) - 8rlc) in general from of (17). The relative order of all the state
(15)  variables is 1 which simplifies the system. Applying input-
d I 1 AMV MaVe - MaVe + MoV, T output linearization to the system, the general form of matrices
arETs 8L, (AMLVL — (MRrVR + MpVp + MaVe) = 8r11) E and A are found as (21) and (22) and lie derivative operator

(16) L is defined as (23), [16].
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Lelc V. THE CONTROL SCHEME
Lof =(Vf)xg (23) The renewable is operating at the maximum power point

Applying general form of equations (21), (22) to the system
equations (20), yields the linearization matrices (25), (26).

L (3 -1 -1
E=—1|-1 3 -1
8Li\_1 1 3
4 2 2
E'=L,(2 4 2
2 2 4
Ir
VL T
— LI
A=-5171 IB
G

(24)

(25)

(26)

The general form of linearization law is obtained in (27)
and the final form of the linearization system of the MPSST
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tracking when the grid is available or the autonomous oper-
ation when there is a path for the power. There are total of
7 modes of operation which are shown in Fig. 6. The block
diagram of Fig.7 suggests a coherent way to achieve all of
these 7 modes with switches to change from one mode to
another. Hysteresis switches are suggested to make a better
transition from one mode to another. Since the reference
angle on the load port is ¢; = 45° the output of other
controllers is limited to 0—90°. The converter with the smallest
angle delivers the highest power to the rest. The converter
with the highest angle receives the most power. The negative
sign before the controller in the block diagram is inserted to
compensate for the reverse relation between the phase shift
angle and power.

To demonstrate the effectiveness of the proposed control
system one of the simulation is presented here which is in
scenario 2, battery status of half full and covers all four
conditions. The trajectory of the operating point is shown in
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Fig. 8. The condition starts with high renewable and low load
power to low renewable and high load power condition. Each
operating point is numbered 1 to 7. These numbers are shows
in the corresponding power on each transformer ports power
plot Figs. 9-12.
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Fig. 8. The trajectory of operating point variation due to the load or renewable
power variation.
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Fig. 9. The power at the load port of the MPSST.
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Fig. 10. The power at the renewable port of the MPSST.

VI. CONCLUSION

In this paper a control strategy for the MPSST is suggested.
Three scenarios of operation principle policies and several
conditions of renewable and load power, and battery SOC
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Fig. 11. The power at the battery port of the MPSST.
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Fig. 12. The power at the grid port of the MPSST.

are considered. Despite various conditions, it is shown that
only 7 modes of operation are needed to control the system
which leads to 7 control structure. Conditioned switches are
implemented to automatically switch between these modes
and hysteresis switches are suggested for the transition from
one mode to another. Simulation results are presented by
several sharp variation of the load and renewable energy source
and the power regulation at each port of the transformer is
demonstrated.
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