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ABSTRACT-A new application of power and voltage
balance control schemes for cascaded H-Bridge
Multilevel  Inverter  (CHMI)-based Solid-State
Transformer (SST) topology with fuzzy controller is
proposed in this paper. The SST consists of a cascaded
multilevel ac/dc rectifier, dual active bridge (DAB)
converters with high-frequency transformers. The solid
state transformer (SST) has the features of immediate
voltage regulation, voltage sag compensation, fault
isolation, power factor correction, harmonic isolation
and dc output. Here we are using the fuzzy controller
compared to other controllers i.e. The fuzzy controller
is the most suitable for the human decision-making
mechanism, providing the operation of an electronic
system with decisions of experts. To reduce load on the
controller and simplify modulation algorithm, a master-
slave control (MSC) strategy is designed for the dual
active bridge (DAB) stage. This paper presents a
compensation strategy based on three-phase d-q
decoupled current controller. The fuzzy controller for a
nonlinear system allows for a reduction of uncertain
effects in the system control and improve the efficiency.
The proposed control method the three-phase grid
currents and dc-link voltage in each module can be
simultaneously balanced. By using the simulation
results we can analyze that the proposed method and
also the performance of the controller and its
application to microgrid SST.

Index Terms—Cascaded H-bridge Multilevel Inverter

(CHMI), Solid-State Transformer (SST), dual active

bridge (DAB), three-phase d-q decoupled -current

controller, master-slave control (MSC), Fuzzy
controller, power and voltage balance.
LINTRODUCTION

The paper proposes the utility of the 3-phase

SST and its controller with the electricity waft from

the disbursed renewable strength assets to the grid

under unbalanced situations. The control scheme
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solve the power and voltage unbalanced issues of 3-
segment SST along with the unbalanced of different
modules (DAB+CHMI) in each section and in the
end inject a simply sinusoidal balanced 3-phase
contemporary into the ac grid. The FREEDM system
is a new medium-voltage microgrid composed of
several solid state transformers (SST), high-
bandwidth digital communication, and distributed
control.

As the fundamental component of
innovative smart microgrid system, SST is intended
to replace the conventional line frequency
transformers and performs the power flow control.
Conventional transformers possess many unwanted
residences inclusive of bulky and power quality
susceptibility.

Compared with the preceding methods the proposed
techniques have the following capabilities:

(1) The paper investigates the application of the SST
converter in FREEDM system and its control with
power flowing from the allotted renewable power
resources to the grid under unbalanced conditions.

(2) The DAB stage is used to enhance the low enter
voltage of renewable strength resources to medium
voltage level of the ac grid distribution. Therefore,
more than one renewable strength resources may be
utilized in parallel to increase the power rating of the
system.

(3) The dc-hyperlink voltage glide is controlled by
unbiased controllers.

(4) It simplifies the controller of the DAB degrees the
usage of master-slave method and affords excessive
frequency galvanic isolation between the input and
output.
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Fig. 1. The microgrid interface of the FREEDM
system.

Fig. 1 shows a typical FREEDM system
which consists of three parts. The first part is the user
level interface that includes both a 400V-dc
distribution bus and low voltage 220V-ac bus. The
second part is an intelligent energy management
(IEM) device, which is connected to 10kV ac
distribution bus and supports the regulated buses. The
IEM is actually formed by the SST that manages
bidirectional power flow control to all devices
connected to the low-voltage (400V-dc and 220V-ac)
buses and loads. It also has many additional functions
such as voltage regulation, voltage sag compensation,
fault isolation and harmonic isolation. The third part
is called the DGI (Distributed Grid Intelligence)
operating system, which is embedded into the IEM
device and utilizes the communication network to
coordinate the system power management with other
energy routers. Furthermore, an intelligent fault
management (IFM) device is used to prevent
potential faults in the 10kV-ac circuit and
reconfiguration capability and uninterrupted power
quality to the user [6]-[8].

An important objective of using the SST in
the FREEDM system is to achieve compatibility and
flexibility. It can regulate the low-voltage buses and
provide active and reactive power control or
power/frequency control for the grid side port.
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Fig. 2. Topology of the proposed 20kVA three-phase
SST.

Fig. 2 shows the proposed 20kVA SST
primarily based on the cascaded H-bridge multilevel
inverter. The SST includes a dual active bridge
(DAB) dc/dc stage to step up the 400V-dc input to
the high-voltage dc hyperlink, a cascade H-Bridge
multilevel dc/ac inverter level to provide active
energy and reactive strength for the 10kV-ac grid,
and a dc/ac stage to produce a 220V ac residential
voltage for loads.

The controller employs the moving floating
neutral factor manipulate set of rules to balance the
energy on the 3 phase ac-side and the dynamic
reference  voltage  method  (feed  forward
compensation) to stability the dc-hyperlink voltage of
different modules in each phase. A master-slave
control (MSC) is used to manipulate the output of the
DAB stage.

IL. THREE-PHASE SST MODELING AND
CONTROL

The topology and control strategy of three-
phase SST (Fig. 2) are developed in this section. The
prototype of the SST is rated as input dc-link voltage
of 400V, output ac-voltage of 10kV and output power
of 20kVA. The first stage of SST is high-frequency
DAB converter which boosts low-voltage dc input to
high-voltage dc link. The second stage is CHMI,
which converts the dc link voltage to medium voltage
ac grid, and controls active and reactive power
delivered to grid.
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Fig. 3. Master-slave control diagram of the DAB
converter stages.

Fig. 3 shows architecture of the DAB stages
and their control circuit. The DAB stage steps up the
400V dc input to 4kV dc output which is fed to
CHMI stage. In the proposed control circuit only one
DAB converter is utilized as the master Fuzzy Logic
Controller which executes all control and modulation
calculations and sends the resultant converter driving
command signals to the other DAB slave controllers
via high speed fiber optic. Typically, DAB slave
controllers only manage devices switching and
protection. Also to calculate the power transferred by
each module and implement the protection of over-
voltage and over-current, the voltage and current of
input-side and output-side are all sensed. Therefore,
the proposed master-slave controller in the DAB
stage not only provides the high frequency galvanic
isolation, but also simplifies the complex algorithm
and improves the dynamic performance.

The function of CHMI stage is to produce
sinusoidal 3-phase output voltage/current and control
the active/reactive power injected into the grid. Fig. 4
shows the block diagram of 3-phase decoupled
current controller developed for the CHMI stage.
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Fig. 4. Control scheme of the three-phase gri
currents.
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The dc-link voltage drift is indirectly dealt
with by modulating the voltage reference amplitude
of each phase according to the respective imbalance
proportion which causes unbalanced power drawn by
each module until the balance is achieved. In
addition, the reactive power reference can be
controlled at different values depending on the
system requirements.

Due to the modularity of topology, Phase-
Shifted PWM (PS-PWM) is the optimum modulation
method for CHMI stage. The switching state of one
H-bridge-module Sk is determined by the logical
value of two signals, (Syq,Sk2) which can be “1” and
“0” representing the “ON” and “OFF” state of each
switch, respectively. This leads to four different
binary combinations that generate three different
output voltage +V,., 0, and —Vj.. Since these H-
bridge-modules are connected in series, the total
output voltage of one phase m (m=a, b, ¢) is given by
Umn = Z;ﬁ:l Umy = Z;ﬁ:l Vdc(syl - Syz) (1)

Where k is the number of power modules
per phase and V;. is the dc-link voltage of each
module. The series connection of k modules will
produce 2k+1 voltage levels in the total converter
output voltage.
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Fig. 5. Phase-shifted PWM waveforms for a 3-
module CHMI.

The PS-PWM modulation principle with 3
modules per phase is shown in Fig. 5. Due to the
modularity of the topology, each module can be
modulated independently using unipolar PWM with
the same reference signal [5]. In this paper, three
modules carrier signals are controlled at the same
frequency 1 kHz and shifted by 2n/3 rad from each
other. Since the phase shift introduces a
multiplicative effect, the CMHI line-to-neutral
voltage has a switching pattern with 3 times the
frequency the switching devices of each module.
Hence, this converter can easily reach medium-
voltage without the low frequency transformer and
the total harmonic distortion (THD) is lower.

-1
CMHI

\ 4

B D = b
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III.POWER AND VOLTAGE BALANCE
CONTROL SCHEME

Since sending the same PWM signals to
each DAB by fiber optic, the power is evenly
distributed among the modules. However, this is
unlikely to have identical switching devices and high-
frequency transformer parameter for each DAB,
resulting in the difference of power transferred by
DAB modules. Consequently, this situation originates
two types of imbalance in CHMI stage: per-phase
and per-module. The first unbalance problem is the
difference of real power delivered by each phase,
(P, # P, # P;) while the second is the difference of
real power delivered by each module of phase

M(Ppy # Pz # Pz ).

These two  unbalances affect the
performance of the CHMI in two different ways: the
per-phase unbalance affects the current inner-loop
leading to unbalanced grid currents which generates a
power pulsation in the output ac-side. The per-
module unbalance will make the dc-link voltage drift
from its reference value, result in distortion and
potentially damaging power devices by overvoltage.
In this section, these two types of unbalance will be
addressed.

A.Per-phase Power Unbalance Compensation
Scheme

The objective of this control approach is to
share equally the power at the 3-phase ac-side under
unbalance conditions. In order to present the scheme,
assume that the power transferred by DAB of phase
A is lower than phase B. As shown in Fig. 2, the line-
to-neutral voltage equation of the power circuit can
be described by

disq

Vsq = Voo — L a Rigqa + uyo
_ digp .

Usp = Vbo - L dat Rlsb + Uno (2)
_ digc i

Vsc = Vao - L _Rlsc+uNO

dt
For a star-connection cascade inverter the

neutral point is floating, since it is not grounded.
Thus, it is difficult for current controller to directly
produce the 3-phase reference voltages to maintain
the balanced output currents under unbalanced
conditions. Note that the common voltage uyycan
affect the 3-phase currents gccording to equation (4).

c M [T B
Fig. 6. Phasor voltage with the proposed neutral point
shift method.
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Fig. 6 shows an example of voltage phasor
triangle to rebalance 3-phase currents under
unbalanced conditions. When the power transferred
by 3-phase modules is the same, the output line-to-
neutral voltage amplitudes of each phase are equal as
shown by dotted lines. Assume the power transferred
by phase A is less than the others, if the reference
output voltage of each phase is still the same, the
output current of phase A will be lower. As a result,
unbalanced output current occurs and causes failure
for the grid connection. Therefore, to maintain
balanced three-phase currents this paper employs the
moving floating neutral point algorithm to produce
different output voltage reference for each phase.

Fig. 7. Phasor diagram showing how to find out zero-
sequence voltage U
The mathematical proof is presented as
follow. First, calculate the amplitude and phasor of
injection of zero sequence voltage U,. The average
active power in each phase can be expressed by

1 1
z Uqolq cos(@ao — ®i0) + z Uqolq cos(@a0 — 9ia) =
P,+P, =P,

1 1

> Unoly €0s(@po — @) + S Uoly, cos(po — @) =

Py — Py = Fyy 3)
The equation (5) can be rewritten as

1
EUOIa cos(@o — @iq) = Poy — Py = B (1, — 1)

1
EUOIb cos(@o — @ip) =Py — Py = P,(1 —1,) (4)
By separately dividing the left and the right
parts of (6) by each other, a factor can be obtained by
_cos(@o —pia) _ Iy
( )(COS()% —ow) I
_ €os(@o=9ia)(ra—1

keom = Costpomoun)a-7p) ®)
Substituting the obtained k .,

cos(@o—9ia) — Uaocos(@qo—@ia)(rg—1) (6)

cos(@o—@ip)  Upocos(@bo—@ip)(1-7p)
Then, a solution of the phase of Ujcan be obtained
by

Qo = tan

com

—1_€05@ao—Kcom COS @ip (7)
kcom Sin @p—sin cos @
Finally, substituting the calculated into (5),
the zero sequence of Uycan be obtained by using the
known voltage and current parameters
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To better understand the modulation, the

Uom = Zparf_uiglsawcaoos—(fz:;?cfsa ()p- - 3 different switching states of one module are shown as
Iacos(tan 1(kcumSiﬂlﬂib—SinC°S<:’ao)) F]g 10.

After obtaining the zero sequence voltage
U, is calculated according to (11), and injecting to v v
each reference to introduce the corresponding line-to- S
neutral voltage shift. This originates the compensated
phase voltage reference is given in the Fig. 8. Then, +
prove that the zero-sequence voltage U, cannot = 1—
change the three-phase summed active and reactive Vir + —]*

power. _,,,O_, ld—
, Vil v g

v Y
i” U6, ‘v VW Fig. 10. Per-module dc-link voltage balance
Vi 4 ‘r‘ﬁ|“1EL‘|Ph§50r . *p'i' i controller (feed forward compensation).
. y, detemiination | U, Zg e C.Analysis of Stability Operation Range
Veo y Due to the intrinsic constraints of the
fl , cascaded H-bridge structure, there is a limitation on
. ! Lo 4 - the degyee of unbalance; iq practical applications [22].
Iy g "} ero-sequence Iy +V According to the principle of the compensation
Iy . currcnlph&gsnr “azﬂg voliage "I_k)_h”" scheme, this might result in over modulation when
i determination sz% caleulation the power transferred by DAB module is strongly
. ” T unbalanced. If the power unbalance is out of the
f derived range, this controller will not be able to
p b balance the dc-link voltages and 3-phase current. To
[, il PLL t V, better understand of the stability margin, the paper
power | . — * -1 .
p— feeringii i T oy utilizes mathematical model to analyze the converter
P, o] VPIRIRR | 7 W Vap Vsc operation. In the steady state, according to Fig. 2 the

voltage of Phase A can be described as follow:
Vao = Vsa +ijisa — Uno
Usn = Vgo T Uno
Vs = Vgq + jwlisg

Fig. 8. Block diagram of the proposed per-phase
power balance controller.
B.Per-Module Voltage Unbalance Control

Mechanism

Each phase consists of three DAB dc/dc v = (mai + mq")ET‘ff . ©)
converters, the power unbalanced can appear on the Where Eypep is the dc-link output voltage
different modules of one phase due to the device loss reference of DAB module, v; is the ac-side output
mismatching and H-Bridge active power differences. voltage of ith H-bridge, is, is the output ac current
The dc link voltage drift must be avoided, because and mg; and mg; are the modulation index of the
this unbalanced situation might cause the capacitor or direct and orthogonal components of the associated
IGBT device overvoltage and trigger the system module, respectively.
overvoltage protection. IV.FUZZY LOGIC CONTROLLER

dlacn . dln . In FLC, basic control action is determined

¥ J ST by a set of linguistic rules. These rules are
determined by the system. Since the numerical
variables are converted into linguistic variables,
mathematical modeling of the system is not required
in FC.

Knowledge Base

‘. Rule Base ‘ Dt Base ‘
e(t) l l
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Fig.9. Per cell dc-link voltage dependence on the Fig.11.Fuzzy logic controller
switching states of for one H-bridge module.
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The FLC comprises of three parts:
fuzzification, interference engine and defuzzification.
The FC is characterized as i. seven fuzzy sets for
each input and output. ii. Triangular membership
functions for simplicity. iii. Fuzzification using
continuous universe of discourse. iv. Implication
using Mamdani’s, ‘min’ operator. v. Defuzzification
using the height method.

TABLE I: Fuzzy Rules

Change Error

inerror [NB [NM NS Z PS |PM |PB
NB PBE |PBE |PB |PM |PM ([PS Z

NM PE |PE |PM (PM (PS A VA
NS PBE (PM |[PS |P5 Z |NM |NB
£ PB |PM |PS Z NS |NM |NB
Ps PM | PS Z NS |[NM |NB [NB
PM P5 Z NS |NM |[NM |[NB |NB
PBE Z NS |NM |[NM |[NB |NEBE |NB

Fuzzification: Membership function values are
assigned to the linguistic variables, using seven fuzzy
subsets: NB (Negative Big), NM (Negative Medium),
NS (Negative Small), ZE (Zero), PS (Positive Small),
PM (Positive Medium), and PB (Positive Big). The
Partition of fuzzy subsets and the shape of
membership CE(k) E(k) function adapt the shape up
to appropriate system. The value of input error and
change in error are normalized by an input scaling
factor. In this system the input scaling factor has been
designed such that input values are between -1 and
+1. The triangular shape of the membership function
of this arrangement presumes that for any particular
E(k) input there is only one dominant fuzzy subset.
The input error for the FLC is given as

E(k) = w (10)
ph(k)~ Vph(k-1)
CE(k) = E(k) — E(k-1) (11)

Inference Method: Several composition methods
such as Max—Min and Max-Dot have been proposed
in the literature. In this paper Min method is used.
The output membership function of each rule is given
by the minimum operator and maximum operator.
Table 1 shows rule base of the FLC.

Defuzzification: As a plant usually requires a non-
fuzzy value of control, a defuzzification stage is
needed. To compute the output of the FLC, ,height”
method is used and the FLC output modifies the
control output. Further, the output of FLC controls
the switch in the inverter. In UPQC, the active power,
reactive power, terminal voltage of the line and
capacitor voltage are required to be maintained. In
order to control these parameters, they are sensed and
compared with the reference values. To achieve this,
the membership functions of FC are: error, change in
error and output.
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The set of FC rules are derived from
u=-[0. E + (1-a)*C] (12)

N 4 PS PFS PA FFB FB PVB

-0.2 =

Fig 12 input error as membership functions
N ZI PS F‘FSI P& ' PFB IF‘El ' PVB

) Fig 13 éhange as error ﬁiemberélﬁp functions

N Z PS1 PSEFEFSZPAPAZPFBRFEZPE PERVE

=

Fig.14 output variable Membership functions
Where a is self-adjustable factor which can regulate
the whole operation. E is the error of the system, C is

the change in error and u is the control variable.
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Fig 15.fuzzy logic controller in simulation
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Fig.16 Block diagram of simulation
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Fig.17 Simulation diagram of SST
V.SIMULATION RESULT
To verify the proposed power and voltage
balance controller simulation prototype of Fig. 2 is
implemented using simulation. The simulation
parameters are listed in Table I.

Table I1
Circuit Parameters of The Simulation System
Basic Parameters Symbol Value
Output AC Voltage Vs 10kV
Power Rating P 20kVA
Cascaded Number N 3
AC-Side Inductance Lac 2mH
AC-Side Resistance Rs 0.ImQ
Switching Device Frequency f 500Hz
DC-Link Capacitance C 5mF

The PV module curves corresponding to
different power levels are shown in Fig. 18. The
simulation results for the dynamic and steady state
performance are illustrated in Fig. 19-21.

DP—Delivered Power
1.0/ r ... Pl ipac W
0.al. ... Por09pp W 0
curve-l %
S Pop=08pu
= 0.8 curvedl v DBy
= :
2 . :
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Ol s e W S T T T ae T e b
03 i A e R R S S e e N TR
0 : M 4 5 i
(4] 0.2 0.4 0.6 0.8 L0 1.2

Voltage/(pav)
Fig. 18. Power versus voltage curves of PV module.
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Grid Currents and Voltage
T T

Currents and Voltage(p.u)

Ih
Time(s)

Time(s)
(b)
Fig. 19. Dynamic performance without power
balance control. (a) Grid currents (ig, i, i.)and the
grid voltage . vy, (b) Three-phase line-to-neutral
voltages .(Veq, Vep, Vee)

‘Grid Currents and Voltages

Currents and voltage(p.u)
T

Voltage(p.u)

Fig. 20. Dynamic performance with power balance
control. (a) Grid currents (i,, i}, i) and grid voltage
Vgq- (b) Three-phase line-to-neutral
voltages(Veq, Vep, Vec) -

Fig. 19 shows the dynamic performance of
3-phase output currents with a step phase unbalance
in phase A at t=1s and no power balance control. Fig.
20 shows 3-phase output currents with the power
balance control.
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Without voltage balance control
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Fig. 21. Dynamic performance of three DC-link
voltages of phase B. (a) Without voltage balance
control. (b) With voltage balance control.

To validate the voltage balance control, the
dc-link voltages of three modules of phase B are
given in Fig. 21. Fig. 21(a) shows the three dc-link
voltages cannot maintain at the reference value
without voltage unbalance control. The module that
delivers more power has higher dc-link voltage. Fig.
21(b) shows the three dc-link voltages of phase B
with the proposed voltage balance control.

FFT analysis
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Fig 22 THD analysis with PI Controller
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Fig 23 The THD analysis with Fuzzy Logic Control
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VI.CONCLUSION

This paper investigates the application of the
3-phase SST and its controller with the energy flow
from the distributed renewable energy resources to
the grid under unbalanced conditions. This paper
presents a compensation strategy based on three-
phase d-q decoupled current controller. The fuzzy
controller for a nonlinear system allows for a
reduction of uncertain effects in the system and
improves the efficiency. In The proposed control
method the three-phase grid currents and dc-link
voltage in each module can be simultaneously
balanced. The detailed control method is analyzed to
address the presence of power and voltage unbalance:
among three phases and the different modules of one
phase. In FLC, basic control action is determined by
a set of linguistic rules. These rules are determined
by the system. The proposed balance control strategy
is characterized for producing high quality grid
currents and reactive power compensation. By using
the simulation results we can analyze the proposed
method.
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