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ABSTRACT

This paper proposes the modeling and control of a Solid-State
Transformer using a three-stage conversion topology. First, a
rectification stage is used, where a three-phase high-voltage AC signal
is converted to a DC level; this stage is then followed by a DC-DC

Keywords : converter, and finally an inverter is used to convert the DC into a
Solid State Transformer three-phase low-voltage AC signal. The adopted topology is modeled
Control using a simplified model for each stage, useful to design their

Power Electronics controllers. Based on these models, the controllers are tuned to obtain a
good performance to sudden load changes. This performance is tested

through simulations.

1 Introduction [4]. In addition, it is possible to find some reviews

dealing with the subject [5,[6]. Applications in trans-

It is necessary to mention that this paper is an ex-
tension of work originally presented in [1]]. This ex-
tension includes a detailed description of the pro-
posed models and controllers. These models are used
for tuning the controller parameters in order to ob-
tain good performance in presence of sudden load
changes.

Solid-State Transformers (SST) are emerging as a
new technology capable of replacing power distribu-
tion transformers [2]. It is expected that the next
generation of the power distribution transformers is
based on power electronics semiconductor devices [3].
By using these semiconductors, it is possible to design
an apparatus based on power converters with smaller
and lighter high-frequency transformers. In this way,
it is possible to obtain a smaller and lighter distribu-
tion transformer when compared with a traditional
transformer of the same power rating. Roughly speak-
ing, SSTs work as follows. In a first stage a sinusoidal
signal of, typically, 50 or 60 Hz is converted to a high-
frequency signal. Then, the amplitude of this signal
is changed, by using a small high-frequency trans-
former, and finally in a third stage a new signal of
the same frequency as the input signal but different
amplitude is obtained.

Several topologies for the SST can be found in the
literature, with their advantages and disadvantages
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portation and smart grid can be found in [7]]; whereas
a topology based on SiC devices can be found in [8].
Also, a traditional transformer and an SST were com-
pared in [9)], and a procedure to obtain a detailed
model of an SST topology can be found in [L0].
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Figure 1: SST topology.
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A three-stage SST is considered in this paper [7].
Its topology is shown in Figure[I] The three stages are:
a rectification stage, where a three-phase high voltage
(HV) AC grid voltage is converted to a DC signal, a
DC-DC converter stage (multiple stages in parallel)
that provides isolation and performs the level adap-
tation, and finally, an inverter stage that converts the
DC signal into a three-phase low voltage (LV) AC si-
nusoidal wave.

In this paper, simple models for each stage are pro-
posed. Using these models, the required controllers
are designed and their parameters are tuned to ob-
tain a good performance in presence of sudden load
changes. In order to test the performance of the pro-
posed controllers, simulations results are introduced.

2 Proposed SST topology and
model

Figure |2| shows a general diagram of the chosen
topology. The SST is composed of a bidirectional
multi-level HV three-phase converter, labeled Recti-
fier, six bidirectional isolated DC-DC converters, la-
beled DHB1 through DHB6, and a bidirectional LV
three-phase converter with neutral, labeled Inverter.
This topology has a great degree of modularity, allow-
ing to consider the converters as decoupled systems
and simplifying the design of the controllers [7].
Each converter and its simplified model is de-
scribed below. Since the controllers are implemented
using digital control techniques, the models are de-
scribed in discrete time, assuming a sampling time Tj.

2.1 Rectifier

The rectifier is a three-phase AC-DC converter con-
nected to the HV grid. As shown in Figure[2} the recti-
fier input port is modeled as a three-phase controlled
voltage source v,ec = [Vreca Vyech Vrece) |, coupled to the
HV grid voltage vy, = [Vhva Viwb Vhoe]” through an in-
ductor with current i, = [ina inwp inve]’. This cou-
pling filter is modeled using complex vector notation
(see Appendix). The zero order hold (zoh) discrete
time model of the coupling filter results:

> T.
inlk+1]= I :
rec

[ihv[kl—mec[kl]ﬁhv[kl, (1)

where vy, [k] = 0.5(¥),[k + 1] + ¥}, [k]) is the mean
value of the HV grid voltage in the time interval Tk,
Ty(k+1).

The output ports of the rectifier are modeled as
current sources i;x, with X = 1...6. These currents are
computed through power balance. Considering that
both H bridges of each phase of the rectifier are given
the same reference, it can be found that their currents
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are equal:
. . _ Vreca[k]ihva[k]
fit [k] B le{k] - VbusHl[k] + thsHZ[k]’ (2)
. . _ vrech[k]ihvb[k]
sl =l = K Voaalk] )
. . _ vrecc[k]ihvc[k]
liS[k] B Zlé[k] - VbusHS[k] + VbusHﬁ[k]' (4)

Note that in this rectifier model, the independent vari-
ables (control inputs) are the three-phase components
of Vrec[k]'

2.2 Dual Half Bridge (DHB)

Since there are six isolated DC buses in the recti-
fier, there are six DC-DC converters which are imple-
mented using the DHB topology, which are modeled
as current sources. The coupling between the output
ports of the rectifier and the input port of each DHB
is performed through a capacitor. The voltage across
each of these capacitors is modeled through the differ-
ence equation:

Viusirx [k + 1]=CL;2[iix[k1 - iox[k]] #VirxlK] (5)
H

with X =1...6. The DHBs themselves are controlled

using a phase shift strategy. Therefore, each converter

can be modeled through the algebraic equation for

their average power transfer [11]:

Viusux [k] thusL[k]5x[k][ﬂ - |5X[k]|]

Pinpx[k]= , (6)

8m2Ly fi)"

where m is the DHB transformer relation, L, is the to-
tal leakage of the transformer referred to the HV side,

b s the switching frequency of the DHB converter,
and oy is the phase shift angle between the voltages
generated at the HV and LV sides of the DHB under
consideration. Dividing this power by Vj,sgx[k], it
results

meusL[kléX[k](T( - |6X[k]|]

8m2L, £

iox[k] = : (7)

which describes the relation between input port i,y
and the control action 0x. The outputs of all the DHBs
are connected in parallel, and feed the LV bus. The
relation between the input signals and the output sig-
nals is obtained through power balance, as described
in the following equation:

Z.oX[k]VlmsHX[k]
VbusL[k] ‘

Note that in this DHB model, the independent vari-
able (control input) for each DHB is 6.

(8)

ianpx[k] =
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Figure 2: SST topology, model and general control scheme.

2.3 Inverter where x;,,y[k] =[5y [K] Vle[k]]T'
T, [ T,

The inverter is a three-phase DC-AC converter con-  , _ cos(m B L:;:Zsm(m (12)
nected to the LV grid. The input port is modeled as v Liﬂsm( cos(—=L) ’
a controlled current source iy, and the output port ' C”WL”W CinoLiny
is modeled as a three-phase controlled voltage source NE Cinvgin(——L—
Vinw = [Vinor Vinws Vinvt]'- The load voltage and cur-  Bin= Liny V f”” ’”” (13)
rent are vy, = [Vjy, Vs 7/lvt]T and ip, = [ifyr i1y ilvt]Tl L 1 —cos( Clnlem/
respectively. 1 cos(

The coupling between the output ports of the  Binv1= Lmv Com m ] (14)
DHBs and the input port of the inverter is performed C,,,VL,,,V

through a capacitor. The voltage across this capacitor
is modeled through the difference equation:

As in the previous converters, the relation between
the input signals and the output signals is obtained
through power balance, as described in the following
equation:

T.
Viust [k + 1] = =~ ignp[k] = ir[k] |+ Vouse[k], (9 1
bus[k +1] CL/Z[ldhb[ 1= ir[k] |+ VpusL[K] (9) iy [K] = Vipwlk] ® i1, [K] (15)
VbusL[k] '

where where the e operator denotes scalar product. Note
that in this inverter model, the independent variables
] (control inputs) are the three-phase components of

) ) Vinw k]

tany k] = Zldhbx[k]- (1o
X=1

The coupling between the load and the output port
of the inverter is performed by an LC filter. Since each
leg of the inverter is controlled as a single phase con-
verter, the zoh discretization of this filter is given for
each phase of the inverter. This is denoted with sub-
script Y, which can be equal to 7, s or t:

xian[k + 1]:Ainvxian[k]+Binvvian[k]+Binvl ile[k]’
(11)
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3 Converter controller description

Figure [2| shows the simplified block diagrams of the
proposed controllers for each converter. In this figure,
dashed lines represent measured signals, and solid
lines in the controllers represent control signals. In
what follows, each individual controller is described.

3.1 Rectifier control

This controller is tasked to make the HV grid cur-
rent i, to copy the current reference i,;. This is
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achieved through a full state feedback (FSF) control
with the addition of a reduced order generalized inte-
grator (ROGI) [12]. The ROGI is added to achieve zero
steady state tracking error, since the current reference
is a grid frequency positive sequence three-phase sig-
nal. Considering a one sample time processing de-
lay, typical in digital implementations, complex vec-
tor notation, and space vector modulation (SVM), the
control action is

Vrec[k] = v:chVM[k -1],
V:ecSVM[k] = V;ec[k] - vmc[k]r (17)
Uync[K] = 0.5 (max (v [k]) + min(v},[k])),

where max and min functions are computed between
the abc components of v}, [k]. Also,

. i [K) =1y, [K]
vrec[k] = —Kiec ﬁ:c[k - 1] ’
71 (k]

(19)

Ak +1]=j(1 —ef“s)(%[k]—a;[k]]wfwnmk], (20)

with K,.. a 1x3 complex gain vector, and 7 [k] repre-
sents the state of a ROGI tuned at fundamental grid
angular frequency w. As described in [12], gain vec-
tor K,.. can be found using the linear quadratic regu-
lator method, or by pole placement using Ackerman’s
formula, and the matrix description of the system:

xrec[k + 1] = Arecxrec[k] + Breci)r;‘[k]’ (21)
where xyec[k] = [i4 [k] 72k = 1] 74 [K]]",
L I 0
Arec = 0 0 ,0 ’ (22)
]'(1 _eja)Ts) 0 el@Ts
Bree=[01 O]T~ (23)

The reference i, is the output of the LV bus con-
troller, and it is related to the instantaneous HV grid
voltage through

iy [k] = glk]vm k],

where g is a scalar variable signal. Therefore, depend-
ing on the sign of g and assuming vy, sinusoidal with
no harmonic distortion, the rectifier will source or
sink a three-phase sinusoidal current to the HV grid,
with unity power factor. In this paper the closed loop
poles are chosen to achieve a settling time of 4.5[ms].

(24)

3.2 DHB control

The objective of the DHBs is to transfer the pulsating
power of each of the H bridges of the rectifier to the
LV bus, where the resulting power is non-pulsating.
To achieve this objective, the controller of each DHB
is designed to keep its instantaneous voltage Vj,,sgyx at
its reference level V; . (which is the same for all six
DHBs). As shown by , the relation between current
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i,x and phase-shift angle 6y is non-linear. In order to
be able to apply linear control techniques, a feedback
linearization (FL) is implemented. Then, the resulting
linear system is controlled through FSE.

Considering a one sample time processing delay,
the control action is

ox[k]=ox[k-1], (25)
where
.y
5§[k]:o.5n[1—\/1_32 ﬂ@hb%]s@n@;x[kn,
(26)

is obtained from and it is the FL equation for
the system. Assuming that Vi, [k] = Vy,sr[k — 1]
(slow varying signal), it can be numerically verified
that for a given value of i}y [k — 1], evaluating at
k -1, and replacing the result in and (7) yields
iox[k] =i}y [k — 1]. Therefore, the linearized system is
modeled by (5) and

iox (k] = g k= 1] (27)
Adding a discrete time backward Euler integrator to
achieve zero steady state error, the control action for
each DHB is computed as follows:

ro[K]
Z.oX[k]

rolk+1] = Ts[VbusHX[k] - Vb*,,sH[k]] +rolkl,  (29)

i;x[k] =—-Kpmp

VbusHX [k] - Vh*usH[k]j|
, (28)

where Kyp;, is a 1x3 gain vector, and ry[k] represents
the state of the discrete integrator. Once is com-
puted, the phase shift angle 0% is obtained through
and applied to the converter.

Gain vector Ky, can be found using the linear
quadratic regulator method, or by pole placement us-
ing Ackerman’s formula, and the matrix description
of the linearized system:

Xanplk + 1] = AgnpXanp[k]+ Banpisx (K], (30)
where x5 (k] = [Vipustx [k] rolk] iox [K]]T,
T
L 0 -zn
Agp=|T, 1 0 | (31)
0 0 0
By =[001]7 (32)

This scheme makes each DHB source power to the LV
bus if its HV bus voltage is higher than V., or sink
power from the LV bus if its HV bus voltage is lower
than V; .. In this paper the closed loop poles are
chosen to achieve a settling time of 1[ms].
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3.3 LV bus control

This controller is tasked to keep the mean value of the
LV bus voltage (Vj,s1 in Figure at the reference level
Vy,s1- In order to do so, signal Vj, is filtered (filter
not shown in the figure) and then a proportional in-
tegral (PI) controller is used. The output of this con-
troller is the variable gain g. This gain is used to prop-
erly scale the measured HV grid voltage, and generate
the current reference for the rectifier, defined in .
For this reason, the dynamics of the rectifier control
loop and the LV bus control loop must be decoupled.
This is achieved by making the bus control loop sig-
nificantly slower than the rectifier and DHB control
loops.

The LV bus voltage is modeled by (9). Since there
is no controlled current source directly connected to
the LV bus, the design of the controller assumes that
igny 1s the control action. Once the control action i,y
is computed, gain g is obtained through power bal-
ance:

— idhh[k]vhusL[k]
3V2

nomhv

g[k] , (33)

where V,,;,.1, is the nominal rms value of the HV grid
voltage. As stated at the beginning of this section, this
controller is slow. Therefore, both the processing de-
lay and the dynamics of the filter used to obtain Vs
can be ignored without significant error. Considering
this, and adding a discrete time backward Euler inte-
grator to achieve zero steady state error, the control
action is computed as follows:

ignp[k] = —Kpv [Vb”SL[k] - V;”SL[k]]x (34)
rorv[k
rov[k+1]= TS[VbusL[k] - VZMSL[k]] +rorv[k],  (35)

where Ky is a 1x2 gain vector, and rypy[k] repre-
sents the state of the discrete integrator. Once is
computed, gain g is computed through (33), and used
to generate the HV grid current reference i, through
(24).

Gain vector K;y can be found using the linear
quadratic regulator method, or by pole placement us-
ing Ackerman’s formula, and the matrix description
of the system:

xpylk+1]=Apyxpy[k]+ Bryigns k], (36)

where xpy [k] = [Vyysr [K] rorv [K]]7,
Ary = []1; (1)]; (37)

_ Ts T
Bry = [CL/2 0]". (38)

In this paper the closed loop poles are chosen to
achieve a settling time of 100[ms].
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3.4 Inverter control

This controller implements the active damping (AD)
of the output LC filter resonance. The implemen-
tation of the AD requires to measure the current
through C;,,,. To avoid this measurement, an estima-
tor through high pass filter derivation is used. This
estimator only requires the measurement of v;,, and
only slightly increases the settling time of the control
loop. The LV grid voltage reference v; is added to
the control action of the AD. This voltage reference is
a three-phase balanced sinusoidal signal, which can
be generated internally, or can be obtained through
a synchronization algorithm in synchronism with the
HV grid voltage.

Since each leg of the inverter is controlled inde-
pendently, there are three equal controllers. In what
follows, they are described with subscript Y =, s or
t. Considering a one sample processing time, the con-
trol action for the active damping strategy is v;,,, vy [k] =
v,y ylk—1], where

iciny K]
Vle[k]
v Slk—1]

invY

vy k]l ==Kpy +K'vy, (39)

where Kj, is a 1x3 gain vector, K* is a gain, and
icinyy|k] is the estimated capacitor current, obtained
from the zoh discretization of a high pass filter:

ylk+1]= (7" = Doy [k]+ e Fny k], (40)

Z¢Cim/Y[k] = Cinvwc[vle[k] + ﬂy[k]]; (41)

with w, the cut off frequency of the high pass filter,
and 7y the state of the filter.

Gain vector Kj, is obtained by pole placement to
damp the LC filter resonance using Ackerman’s for-
mula, and the matrix description of the system:

xlv[k + 1] = Alvxlv[k] + Blvvi:wY[k]/ (42)
where xlv[k] = [iian[k] vi;py[k - 1] vian[k]]T)
_ Ainv Bim/
By, =[001]". (44)

Finally, gain K* is included to compensate the magni-
tude of the LV grid voltage reference, and is obtained
evaluating:
TF = Cp(z - ALF) By
K* =|1/TF|,

(45)
(46)

z=el®Ts’

where AICUL = Ap;, — B, Ky, 1 is the 3x3 identity matrix
and Cj, = [0 1 0]. Note that the controllers for each
phase use the same gain vector Kj, and gain K*. In
this paper the closed loop poles are chosen for opti-
mal damping (C = 0.707). This results in a settling
time of approximately 2[ms].
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4 Parameter selection criteria

This section gives criteria for choosing the values of
the different parameters of each converter.

4.1 Rectifier coupling inductance L,,,

Vo*
L busH

Uhva

Vhva \:

Ton T

Figure 3: Rectifier phase a and switching interval variables.

The value of L,,. is chosen to obtain a desired current
ripple Ai when injecting zero current to the HV grid.
Due to the 5-level structure of the rectifier and the use
of unipolar modulation, the effective switching fre-
quency applied to L. is 4f55¢ [1]. Also, this multi-
level structure ensures that the voltage difference ap-
plied to L., will never be larger than V|, (assuming
all the HV buses are kept at that level).

Taking phase a as a reference, Figure [3| shows one
switching interval. The current variation in this inter-
val is

. T .
Al = Lﬂ(vhw = Vyuse)- (47)

rec
Since zero current injection is assumed, in this inter-
val

Vhva = Vb*ust’ (48)

where d = T,,/T. Therefore, replacing this in (47),

V*
Aj= busH

= busH (42 g),
Lr6C4f;Z§C )

(49)

where T = 1/(4f5°) was used. The maximum Ai oc-
curs for d = 0.5, therefore for this condition, from (49),

*
VbusH

Lyee = ——2=- 50
rec All6fs;;5c ( )

From Table([T} choosing the peak current ripple Ai/2 =
0.1( V21,.0mmy ), the inductance results L,,, = 190[mH].
From an additional analysis not included in this pa-
per, considering commercially available cores, L,,. =
200[mH] is chosen.

4.2 DHB transformer leakage inductance
Lg

From (6), assuming Vy,sprx (k] = V. and Vp,er[k] =
Viust = Viusy/™ the maximum power transfer occurs
for 6x[k] = 7/2 and results

(Vl:usH

32L, fant

)2

Panpmax = (51)
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Under nominal operation conditions, each DHB will
have to transfer a mean power Py, = S,,,,,/6. Taking
a safety margin of Pyyypax = 2Py to catch any tran-
sients, and replacing this in (51), the leakage induc-
tance results

3(VljusH)2

dhb’

Ly=——bust_
325710"1 sw

(52)
Using the necessary parameters from Table [I|to eval-
uate (52), it results L; = 8.44[mH]. From an addi-
tional analysis not included in this paper, designing

L, considering commercially available cores, it results
L; =8.8[mH].

4.3 HYV bus capacitor Cy

50

50 1
-100 1
-150 10uF | ]

-200 10F
-250 0.5uF
300 | 1

-350 ' ' : :
0 0.0002

0.0004 0.0006
time [s]

0.0008 0.001

Figure 4: AVy, sy [V] for a 10% HV grid voltage dip for different
values of Cpy.

During the event of dips or swells in the HV grid
voltage vy,, there will be a transient behavior in each
of the HV buses. This can lead to unacceptable un-
der/over voltages in Vj,;yx. The HV buses voltage
variations during these transients are determined by
the value of Cy, the settling time of each DHB con-
trol loop, and the magnitude of the dips or swells.
Since the evaluation of these transients involves the
DHB control loop, the process is iterative. For a given
value of Cy, gain K;j;, must be computed. Then, the
performance is evaluated through a simple simulation
applying the desired dip or swell magnitude. Finally,
the process is repeated until the desired performance
is attained.

The evaluation is performed considering a step
change in the magnitude of vy,. In the following, the
worst case scenario for Vj,sy; is analyzed, which is
similar for the remaining buses.

The maximum instantaneous power variation in
phase a occurs when the rectifier is sinking nominal
current, and at the instantaneous peak of vy,,[k] its
magnitude changes Avy, volts. From (I, assuming
that previous to the step v, ~ ¥,,., the magnitude of
the change in the HV grid current is

. Ts
Al]/w = L—Avhv .
rec

From , assuming that previous to the step Vj,sy1 =

(53)

Viusa1 = Vjy, 5y the variation in current i;; is
Ad = ‘/Evnomthihv _ Ts \/Evnomthvhv (54)
1 * - * 4
vausH Lref 2VbusH
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where was used for the last equality. Now the ef-
fect of Avy, in Vj,.y1, defined as AV},,sy, is evaluated
simulating the closed loop response of the linearized

DHB G063
Axanyk+1] = Ay, Axanp[K]+ By, i,
AVpysp[k] =[1 0 0]axanp[k],

(55)
(56)

where B:ilhh = [% 0 O]T and Aglhb = Adhh _Bdthdhh'
Figure [4] shows simulation results for this system for
Cy = 10 [pF], 1[pF] and 0.5[pF] when a 10% dip is
simulated (Avy, = —0.1V,y;uny) for the DHB control
designed with a settling time of 1[ms]. From the re-
sults Cy = 1 [pF] is chosen, since it results in a 2.5%
voltage variation.

4.4 LV bus capacitor C;

e r—ll
—
-15 | " o .
o e

-30 | ~ i

5mF |
45T N ——— 10mF
60 15mF |

\_/,/
_75 1 1 1 1
0 0.02 0.04 0.06 0.08
time [s]

Figure 5: AV, [V] for a nominal load sudden connection and
different values of Cy.

The value of capacitor Cy is chosen so that in the event
of a sudden nominal load connection, the LV bus volt-
age does not go below the minimum value required
for normal operation. The minimum LV bus voltage
required for operation is
ViusLMIN =2 \/Evnomlv =622V, (57)
where the value is obtained from Table[I] Therefore, a
conservative design criterion is to keep Vj,5; > 700V
when a nominal load is connected. This is equivalent
to obtain a LV bus voltage variation AVj,s; <100V.
To evaluate the LV bus voltage variation for dif-
ferent values of C;, gain vector Ky is computed for

each given value, and then a simulation is performed.
From (36)-(38), the following system is simulated:

AXLv[k + 1] = AEIVAXLv[k] + BilvAiL,
AVyysp[k] = [1 0]axpy[k],

(58)
(59)

where ASL = Ay — BryKyy, B, = —Bry and aip =
Snom/ Vs - Figure[5|shows simulation results for this
system for C; = 5 [mF], 10[mF] and 15[mF] when a
nominal load is suddenly connected and the LV bus
voltage control loop is designed with a settling time
of 100[ms]. From the results all capacitor values meet
the requirements, however C; = 10 [mF] is chosen be-
cause of reduced ripple under unbalanced load condi-
tions.
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4.5 Inverter filter L;,,C;,,

The typical output impedance of a standard trans-
former is 2%-5% of its base impedance. Therefore,
Li,y is chosen so that its impedance at angular fre-
quency w is 2% of the base impedance:

3?2
Lipy = o.ozg—""”" =462 [uH].

WOnom

(60)

On the other hand, capacitor C;;,, limits the band-
width of the output. Here, to obtain a fast transient
response, the cut-off angular frequency of the output
filter is chosen

wcut—off =20w. (61)

Since the resonance frequency of the filter is approxi-
mately equal to the cut-off frequency,
1

Wres = Weyt—of f = ,

(62)
Linvcinv

then

Ciny = = 55 [F]. (63)

1
(20(‘))2Linv
5 Operation analysis of the con-

trol system and simulation re-
sults

This section presents simulation results of the pro-
posed SST when a load is suddenly connected and
disconnected. Additionally, results for sudden non-
linear load connection are included. The results are
obtained using the switching models of all converters.
The system parameter summary is shown in Table 1]

Table 1: System parameter summary

RECTIFIER AND LV BUS
Param. Value Description
Som 20[kVA] SST nominal power
Viomhe | 7621[Vrms] | HV nom. phase voltage
Liomhy | 0.875[Arms] | HV nom. phase current
f 50[Hz] HV grid frequency
Lyoc 200[mH] HYV filter inductance
ViusL 800[V] LV bus reference
Cr 10[mF] LV bus capacitor
e 8[kHz] Switching frequency
DHB
Cy 1[pF] HV bus capacitor
thb 56[uF] LV DHB capacitor
Ly 8.8[mH] DHB leakage ind.
Vst 6000[V] HV bus reference
m 7.5 Transformer relation
b 20[kHz] Switching frequency
INVERTER
Lim 461.2[uH] LC filter ind.
Cinw 55[uF] LC filter cap.
Vomiv 220[Vrms] LV phase voltage
e 20[kHz] Switching frequency
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The controllers were designed so that the rectifier con-
trol loop has a settling time of 4.5[ms], the DHB con-
trol loop has a settling time of 1[ms], and the LV bus
voltage control loop has a settling time of 100[ms].
The settling time of the inverter AD loop is defined
by the cutoff frequency of its LC output filter plus the
estimation of the current through C;;,. This settling
time results approximately 2[ms].

5.1 Sudden load connection
400 ‘

“tN W W\ /X\ W

'2°°J\ /\/\ /\/

-400
0.18 0.2 0.26
tlme [s]
Figure 6: v, [V] sudden load connection.
50
251
0
251 /
-50
0.18 . 0.24 0.26 0.28 .32
time [s]
Figure 7: ij, [A] sudden load connection.
820
800 D e R
780 \ /
760 | \,/
740 ! ! ! | ! !
0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32
time [s]
Figure 8: Vj,51 [V] sudden load connection.
x10*

VAN

: k% /x
0.18 0.
Figure 9: v, [V] sudden load connection.

0.18 0.24 0.26 0.28
time [s]

0.24 0.26
time [s]

0.28 0.3 0.32

N

o

'
N

Figure 10: iy, [A] sudden load connection.
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Figure 11: Vy,sp1 — Viushe [V] sudden load connection.
The simulation results shown in Figures start at
t = 0.18[s] with the SST in steady state, with no load
connected on the LV side. This means that the HV and
LV buses start at their reference voltage levels and that
a balanced three-phase sinusoidal voltage vy, is gener-
ated without taking significant current iy, from the
HV grid.

At t = 0.2[s] a resistive nominal load is connected
at the inverter output. The following sequence of
events occurs (refer to Figure |2| for the definition of
the variables):

* Figures [6] and [7] show vy, and ij,, respectively.
As expected, when the load is connected v;, has
a short transient.

» Through power balance, current source i; takes
current from capacitor C;, reducing voltage
Viust as shown in Figure |8l As can be seen, its
settling time is approximately 100[ms], as de-
signed.

* The LV bus voltage control loop detects the re-
duction of Vj,,;, increasing in turn the value of
g, resulting in g > 0. As a result, current refer-
ence i, magnitude increases.

* Commanded by its current controller, the recti-
fier sinks active power from the grid, with unity
power factor. Figures[9)and[T0]show vy, and ij,,
respectively. Here the settling time of the cur-
rent is tied to the settling time of g, defined by
the LV bus control loop.

» Through power balance, the current source out-
puts of the rectifier charges capacitors Cy of the
HV buses, increasing their voltage levels. The
voltages of the HV buses is shown in Figure

* The control loop of each DHB detects the
increase in their respective HV bus voltage
Viusax- As a result, it commands each DHB
to sink current i,y in order to decrease the in-
stantaneous value Vj, yx to its reference value
Vy,g once again. This results in the short
transient increase in the mean value of voltages
Viusux seen in Figure Through power bal-
ance, each output current igp,x sources current
to the LV bus, charging C; to V, . again, as
shown in Figure

By the end of this sequence, in steady state, the sys-
tem is delivering power to the load and taking current
with unity power factor from the HV grid.
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5.2 Sudden load disconnection

; WW W W

time [s]

Figure 12: v}, [V] sudden load disconnection.
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Figure 13: i}, [A] sudden load disconnection.
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Figure 14: Vj,s [V]sudden load disconnection.
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Figure 15: vy, [V] sudden load disconnection.
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Figure 16: iy, [A] sudden load disconnection.
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Figure 17: Vy,p1 —
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ViusHe [V] sudden load disconnection.

Starting from the previous condition, if the load is
now disconnected, the following sequence of events
will occur:

* Figures|l2|and|13|show v}, and i}, respectively.
As expected, when the load is disconnected vy,
has a short transient.

* Through power balance, current source i
stops sinking current from capacitor C;, which
charges because the DHBs are still transferring
power from the HV grid. This is seen in Figure

e

* LV bus voltage control loop detects the voltage
increase in Vj,,, decreasing in turn the value of
g, resulting in ¢ < 0. As a result, current refer-
ence i, magnitude decreases.

* Commanded by its current controller, the recti-
fier goes from sinking to supplying active power
to the grid, with unity power factor. Figures
and[16]show vy, and iy, respectively.

* Through power balance, the current source out-
puts of the rectifier discharge capacitors Cy of
the HV buses, decreasing their voltage levels, as

seen in Figure

* The control loop of each DHB detects the
decrease in their respective HV bus voltage
Viusax- As a result, it commands each DHB to
source current i,x in order to increase the in-
stantaneous value Vj,;gx to its reference value

Vs once again. This results in the short tran-

sient decrease in the mean value of voltages

Viusux seen in Figure Through power bal-

ance, each output current iz;,x sinks current

from the LV bus, discharging Cy to V;,  again,
as shown in Figure|[l

By the end of this sequence, in steady state, the system
has its buses at their reference values, and the inverter
generates v, without sinking current i, from the HV
grid.

5.3 Sudden non-linear load connection

The simulation of section is repeated for the sud-
den connection of a balanced non-linear load. For
each phase of the inverter, the load is composed of a
single phase rectifier, feeding a 1[mH] inductor in se-
ries an RC load where R and C are in parallel (with
R=19.5[Q] and C=1[yF]). The results of this simula-
tion are shown in Figures As can be seen in
these results, the proposed topology works well un-
der highly non-linear load conditions.
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400 5.4 Sudden non-linear unbalanced load

200 | connection

Z The simulation of the previous section is repeated, us-
20| ing the same non-linear load, but connecting these
100 loads to only two of the three phases. The results of
018 02 022 o026 02 02 05 032 this simulation are shown in 24129l As can be seen in

time [s] these results, the proposed topology also works well
for unbalanced non-linear loads.

o

Figure 18: v;, [V] sudden non-linear load connection.
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Figure 19: ij, [A] sudden non-linear load connection. Figure 24: vj, [V] sudden non-linear unbalanced load connec-
tion.
850 T T T T

T T T T T T

800 150 b
100 |
7mi_‘\J////MMMMMMWWWWWi %0 Noann an an an pand

O VAVARAVAVARRVAVARAVAYANAVAVARAYA
700 1 . 1 . | | -100 b
018 02 022 024 026 028 03 032 150 1 ‘ | . | . ‘ ]
time [s] 018 02 022 024 026 028 03 032
. time [s]
Figure 20: Vj,s1 [V] sudden non-linear load connection.
x10t . ' . : Figure 25: i}, [A] sudden non-linear unbalanced load connec-
tr 1 tion.
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Pigure 28: iy, [A] sudden non-linear unbalanced load connec-
tion.
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Figure 29: Vy,sp1 — Vhushe [V] sudden non-linear unbalanced
load connection.

6 Conclusions

In this paper a model and a control strategy for an
SST topology is proposed. The analyzed SST is de-
signed using three separate stages: a rectifier, a DC-
DC converter and an inverter. The proposed design
approach is to model each stage using simple models.
These simple models help to design and tune the con-
trollers for each stage. The main focus of the tuning
procedure is to obtain good performance to sudden
load connections. Criteria to choose the main param-
eters of the SST are also given.

To validate the proposed method, simulation re-
sults are presented. The results show that the pro-
posed topology and control strategies perform as ex-
pected from design conditions. Moreover, the staged
design of the SST allows to decouple the HV side from
the LV side in regard to load disturbances, which is an
additional feature of the SST when compared to tradi-
tional transformers. Simulations were performed for
both linear and non-linear loads. Moreover, a non-
linear unbalanced load was also tested, with good per-
formance results.
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Appendix

Given a three-phase signal f = [f, f, f.]7, its af com-
ponents are obtained through Clarke’s transform:

f] 21 -05 05 || ‘1
fe] " 30 V32 —4\[(3)2 ;" (64)

Then, the complex vector ]? is defined as
f=fatifp (65)

where j = V-1.
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