Low-Capacitance Solid-State Transformer Control
Using an Analytic Filter

Radhika Sarda*, Ezequiel Rodriguez’, Naga Brahmendra Gorla Yadav®, Glen G. Farivar®, Josep Pou¥,
V. B. Sriramf, and Anshuman Tripathif
*Energy Research Institute at NTU, Interdisciplinary Graduate Programme, Nanyang Technological University, Singapore
Email: radhika010@e.ntu.edu.sg
TEnergy Research Institute at NTU, Nanyang Technological University, Singapore
iDepartment of Electrical Engineering, Indian Institute of Technology Palakkad, India 678623
Email: nagabrahmendra.g@iitpkd.ac.in
§Department of Electrical and Electronic Engineering, University of Melbourne, Melbourne, Australia

Email: gfarivar@unimelb.edu.au

YSchool of Electrical and Electronic Engineering, Nanyang Technological University, Singapore

Email: j.pou@ntu.edu.sg

Abstract—In the modular three-stage solid-state transformer
(SST), each phase is integrated with large dc-link capacitors as
energy buffers, to filter the second harmonic capacitor voltage
ripple generated due to single-phase power processing. Although
large dc-link capacitors reduce the coupling between stages of
the SST and simplify the controller design, they compromise the
reliability, safety and power density of the SST. Accordingly, a
low-capacitance SST is desirable to address these challenges. To
provide a high-bandwidth control for the low-capacitance SST,
this paper proposes using an analytic filtering scheme rather than
the low-pass filters used in conventional SST control schemes.
A portion of the second harmonic power ripple in the high-
voltage dc-link capacitors is processed by the SST’s dc-dc stage
to facilitate the use of low capacitance. The effectiveness of the
proposed control is demonstrated through a simulation study in
PLECS.

Keywords: Analytic filter, low-pass filter, solid-state trans-
former.

I. INTRODUCTION

With the rapid growth in the use of renewable energy
sources in the power distribution network, the need for smarter
technologies to regulate the power flow at critical nodes is
increasing. One such solution that provides flexible energy
flow control among various sources and loads is a solid-state
transformer (SST) [1]-[4]. Fig. 1 depicts a commonly used
modular three-stage SST architecture with N strings [5], [6].
It consists of a cascaded H-bridge (CHB) ac-dc converter in
Stage 1. Each floating high-voltage (HV) dc-link of Stage I
is connected to a dual-active bridge (DAB) dc-dc converter in
Stage II . The outputs of all DABs are connected in parallel to
form a low-voltage (LV) dc-link. Finally, a two-level inverter
converts LVdc to LVac in Stage III.

With large capacitors at the HV and LV dc-links, dis-
turbance decoupling among various stages of the SST hap-
pens naturally. Thus, the controller for each stage can be
designed independently with well-known control approaches
[1], [7]-[9]. However, large capacitors add undesired weight
and cost to the system, thus limiting the SSTs application

and competitiveness with respect to the conventional low-
frequency transformers. Furthermore, large capacitances are
typically achieved by using electrolytic capacitors, which
deteriorates the overall SST reliability [10]. Addressing the
reliability issue is critical to make the SST an appealing and
commercial option. Low-capacitance allows the use of more
reliable capacitor technologies, such as film capacitors.

To facilitate the use of low-capacitance in the system, it is
necessary to look into:

1) High-bandwidth controllers to reduce the strain on the
dc-link capacitors during any transient conditions, and

2) The maximum allowable second-harmonic power ripple
absorbed by the HV dc-link capacitors such that the
converters in Stage I do not operate in overmodulation
region.

Low-bandwidth outer-control-loops, commonly used in con-
ventional SSTs, are unsuitable for the low-capacitance SST
because a reduced electrical inertia leads to increased coupling
among various stages of the SST [11], [12]. In this paper,
an analytic filtering scheme inspired by that in [10] for
low-capacitance static compensators (STATCOMs), is used
to improve the bandwidth of the low-capacitance SSTs. In
SSTs, the HV dc-link caps interface two stages, whereas in
the STATCOM the capacitors are floating. Furthermore, the
suggested control is built in a way that allows the HV dc-link
and the DAB stage to share a flexible portion of the second
harmonic power ripple.

The paper, first, revisits the conventional control used in
SSTs in Section II. Then, Section III describes the proposed
changes to the conventional control with analytical expressions
for the HV dc-link capacitor voltages. Section IV provides
simulation results that compare the performance of the conven-
tional and the proposed control of the low-capacitance SSTs.
Section V concludes the paper.
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Fig. 1. Three stage cascaded SST.

II. CONVENTIONAL CONTROL OF SST

A single phase of a three-phase three-stage cascaded SST
is shown in Fig. 1. The HV grid voltage, vy, with op-
erating frequency, wyy rad/s, and grid impedance, Zgv,
= Ryv., + jwgvLygy,, is connected across Nstrings CHB
converter of Stage-I. Ry, is the equivalent input resistance
and Lpy, is the equivalent input inductance, with x €
{a, b, ¢} representing the phase arm. The HV dc-link voltage,
VHVdexj> 18 held with the use of HV dc-link capacitors with
capacitance, CHvdc,qj, Where j € {1,2,...N} is the string
index. The individual HV dc-links are connected through
DABs with high frequency isolation transformer having turns
ratio n : 1, and external inductance Lgqp,;. The output of
which is connected in parallel forming the LV dc-link holding
voltage, vpyq4e, using capacitance Cpyg4.. The LV dc-link
connects to the LV grid with voltage, vy, and impedance,
Zive = Rpve + jwryv Lpvs, through a three-phase inverter,
forming the Stage III.

The conventional control of the SST is designed by viewing
it in decoupled stages, i.e., Stage I controls the input grid
current and total voltage/energy in HV dc-link capacitors,
Stage II collectively controls the voltage/energy in LV dc-link
capacitor, and Stage III controls the output power requirements
to the LV grid.

Stage I control uses a dual loop control strategy, with outer
loop energy control and an inner loop current control shown
in Fig. 2. The outer loop provides a power reference, Pry ey,
to the inner loop that consists of two main components: (i) a
known power feedforward term, Pry .., and (ii) an incremen-
tal term, Pgvyout, from the output of the proportional-integral
(PD) controller, PIgy,2(s), by processing the error between
the presecribed HV dc-link energy reference, Efrv ey, and the
system dc-link energy, E'yv rp, where,

N
1
Enviyy = Z ZiCHVdcxj'U?ivdcmj' (1

z=a,b,c j=1

Additionally, due to the series cascaded structure in Stage
I, additional voltage balancing control loops are required to
ensure balanced voltages across the HV dc-links. This is
achieved by modifying the modulation signal, vy zjre s, using
a voltage balancing controller PT,;(s). Note that Envye
contains a dc term and a second-harmonic ripple in the steady-
state. The second-harmonic ripple is conventionally filtered for
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Fig. 2. Control of HV ac-dc converter in Stage I using the conventional
method.
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Fig. 3. Control of dc-dc converters in Stage II using the conventional method.

control purposes using a second-order low-pass filter (LPF),
as highlighted in the control block diagram of Stage I in Fig.
2. The inner-current controller is a conventional dq frame
controller.

Stage II control, shown in Fig. 3, on the other hand,
commonly uses a single energy loop. The power reference,
Picgcaj, for duty cycle calculations consists of three com-
ponents: (i) A known power feedforward term, Pjcqerr =
Prvres /3N, (ii) an incremental power term, Py ¢, obtained
from a PI controller, PIpy,2(s), by processing the error
between the LV dc-link energy, E'ry s, and the prescribed LV
dc-link energy reference, Erv r, where,

1
Ervyp = §C'ch1cv%v¢c, 2

and (iii) an incremental power term, A Pycqc.j, obtained from
a power balancing PI controller, PI,(s), for power balancing
purposes among the N strings.

Stage III control is similar to the inner-dg current control
of Stage I, with known active and reactive power references,
Pry ey and Qry ey, respectively.

III. PROPOSED CONTROL OF SST

The major limiting factor affecting the bandwidth of the
system is the LPF used in the outer-energy loop of the ac-
dc converter in Stage-I. This filter entails slow control of
the capacitor voltages, which could cause severe under/over-
voltages in a low-capacitance SST, thus compromising the
system safety and stability. Moreover, a percentage of second-
harmonic power ripple can be processed by Stage II to avoid
overmodulation in Stage I.
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Fig. 4. A visual representation for minimum value of A required to avoid the
overmodulation region of Stage I converter operating with unity power factor
and 0.6 modulation index.

A. Minimum Percentage of the Second Harmonic Power
Through DAB

To realize the low-capacitance SST, a percentage of the
second harmonic power (henceforth denoted as A) is processed
through the DAB stage. Let pyv,; denote the instantaneous
power processed by the j** string of Stage I in 2" phase,
which includes a dc power term, PHij, and a second-
harmonic power ripple term, pgv .;, namely,

PHVaj = VeonvajlHVe = PHV2; + DHV 255 3
where Vconvz; 18 the converter voltage waveform across the
ac-side of the jth string of Stage I. Assuming, Vconuve; and
iHVz, as pure sinusoidal signals, namely,

Veonvzj = 6convxj Sin(vat)7 “4)

and,

TV = %HVIsin sin(vat + 9), (@)

where 0 is the phase shift between vconvz; and igy, and
Deonvaej and gy, denote the respective amplitudes. Substi-
tution of (4) and (5) in (3) yields,

?Hij = §@conv,a:j%HV COS(Q), (6)
and
5HV3cj = §1A)comz,mj7?HV.'c COS(2WHVt + 0) @)

Note that, Oconpajs i HVz, and 6 are variables readily available
from the control of Stage I in Fig. 2, i.e.,

'Oconv,a:j = \/Vlg‘/dref + VI%Vqref’ (8)

:L-HV$ = \/II%IVdref + II%IVqref’ (9)

and

0 = arctan2(Vyvgres, Vavdrer)- (10)

Let pgcdcr; denote the power processed by the DAB, which
consists of (i) the dc power ﬁHV;Ej in (6) (since the capacitor
does not process active power in the steady-state), and (ii) a
fraction A of the second-harmonic power ripple pgv.; in (7),
namely

(an

The energy balance equation on the HV dc-link capacitor
according to (3) and (11) corresponds to

Pdcdesj = Prvae; + APrvas;.

1
§CHVdcij%{Vdcxj(t) =

1 b
2CuvacsVivaceio + (1= A) [ uvasyd, (2
0

where vgv4czj,0 1S the average HV dc-link voltage. Substi-
tuting (6), (7), and (11) into (12), and solving the integral,
yields,

VHVdea; (1) =

Deonvril Hve SIN(2wiyt + 0
\/UI%IVdc:L’j,O + (1 - A) he:id ( By ) (13)

2wrv CHV dexj

The condition Vhvdes; > |[VHVconvzj|/IN must be satisfied
at all times to avoid overmodulation, shown in Fig. 4 for
different values of A. Note that sin(2wgyt + 6) = —1 has
been considered, which corresponds to the minimum value of
(13). Therefore, the overmodulation inequality results in,

1 2wV CHV dewj
2
A>T = Vhyeri(— =) —————= (14
Tj VeonvzjtHV x

which provides the minimum value of A, A,,;,, to be pro-
cessed by DAB while preventing overmodulation for a given
operating condition, or equivalently, how much the capacitor
size CHvdcs; can be reduced. m,; is the modulation index of
the CHB converter, i.e.,

Vconvzxj

15)

ml] UHVdc:rj '

For example, for a 6.6-kV/400-V, 1.2-MVA (1 p.u.) SST
with NV = 5 strings, operating at 10 kHz, with an average HV
dc-link voltage, vhvdcsj0 = 1750V across each string, A.in
for two different HV dc-link capacitors, Cryges; = 83 uF
and 20 pF, is shown in Fig. 5. When Crvgcr; = 83 uF, the
maximum power ripple processed by the capacitor without
overmodulation in the steady-state operation is 0.63 p.u. If
larger power values are to be processed, the DAB will take
care of it, i.e., A, needs to be processed by Stage II. In
this case, to transfer 1 p.u. of power, it is essential that A >
0.4. Similarly, for Crvger; = 20 pF, the maximum power
processed by the HV dc-link capacitor without overmodulation
is 0.16 p.u. However, the maximum value of voltage across
the HV dc-link capacitors, i.e., Oy dcs; reaches 1.28 p.u. To
reduce the peak voltage, Ugvacs; to 1.1 p.u, corresponding
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value of minimum allowable HV dc-link voltage, vy deq; (t),
is chosen and (13) is solved for the inequality constraint such
that A,,;, curve follows the dashed line for the given choice

of Cyvdeaj-

B. Proposed Control Using Time Varying References for HV
DC-Link Energy Control

In the proposed control scheme, two main changes are made
to the conventional control block diagrams shown in Figs. 2
and 3. Specifically, the LPF (highlighted in yellow in Fig.
2) is eliminated. For this purpose, a time-varying reference,
Ervrer(t) correponding to (13) is used eliminating the need
for an LPF. Since the delay in the ripple estimation is one
sample, the filtering is almost instantaneous, allowing a higher
control bandwidth straightaway. The modified control diagram
for the outer energy loop of Stage I is shown in Fig. 6.

Regarding the DAB control, the feedforward power term
Picdcyy, used in the conventional DAB control of Fig. 3, is
modified by adding a fraction A of power ripple that the DAB
must process for overmodulation consideration, such that,

PLVref + AvconvxjiHVx - PLVref

1
3N 3N (16)

Pycacry =

IV. SIMULATIONS

To validate the proposed improvements in the low-
capacitance SST control, a 6.6-kV/400-V, 1.2-MVA (1 p.u.)
SST operating at 10 kHz has been simulated using PLECS
simulation patform. A detailed list of parameters used for the
simulations is given in Table I.

TABLE I
SIMULATION PARAMETERS

Definition Symbol Value
Stage I
No. of strings per phase N 5
HV grid voltage amplitude (per phase) VHV & 3.8v/2 kV
HV grid frequency fav 50 Hz
HV grid equivalent resistance (per phase) Rpve 0.12 Q
HV grid equivalent inductance (per phase) Lygva 6 mH
Stage I switching frequency facde 5 kHz
average HV dc-link voltage VHV dexj,0 1.7 kV
HV dc-link capacitance CHVdecxj 83 uF, 20 uF
Stage II
DAB external inducatnce Laab,zj 240 pH
Transformer turns ratio n 7:2
Stage II switching frequency fdede 10 kHz
Stage 111
LV grid voltage amplitude (per phase) VLV 2302 V
LV grid frequency fLv 60 Hz
LV equivalent resistance (per phase) Rrva 0.8 mQ
LV equivalent inductance (per phase) Liva 40 pH
LV dc-link capacitance CrLvde 75 mF
average LV dc-link voltage VLVde 700 V
Stage III switching frequency fdcac 18 kHz
TABLE II
COMPARISON OF SIMULATED TEST CASES
CHvdezj  Control Test Case VHVdeaj ts THD;
under-
shoot
s3uf LPF p";i:i'g?';) Pt 0,05 pu 02s 0.07%
83 uF azy O p"(‘ﬁi'gf)'gl) P00l pu  <001s  0.07%
20uF  LPF p'l(li:i-g?;) P% 01 pu 02s 2.6%
20 pF azy ° p'(‘;ié.ol':))p'“'<o.01 pu  002s 2.6%
s3uF (13 ° fz;‘i'gf 1111)"“’ <00l pu  <0.0ls  0.09%

In this study, two different choices of HV dc-link capacitors,
83 uF and 20 uF, are used. 90% power ripple is considered for
Stage II, i.e., A=0.9, which is above A,,;, for both choices of
the HV dc-link capacitors, according to Fig. 5. This involves a
fixed 10% of twice-fundamental-frequency oscillating power
flow into the HV dc-link capacitors.

The results obtained for a step change in active power
from 0 p.u. to 0.1 p.u., are summarized in Figs. 7 and 8
for Crvdee; = 83 puF and in Figs. 9 and 10 for 20 pF. To
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Fig. 10. Simulation study with a step change in active power from 0 p.u. to 0.1 p.u. for Cy geqe; = 20 pF using (13): (a) HV grid voltage vy 5, (b) HV
grid current i g7y 4, (¢) HV dc-link voltages v v gezj, and (d) power through de-de stage Pycder -

illustrate the effect of the controller, the power feedforward LPFs. Moreover, the settling time improves from 0.2 s to
term, i.e. Pry ey, is set to 0. Fig. 7 shows the transient < 0.1ms. A similar trend is seen for Cyvgcs; = 20 pF, in
results when adopting a conventional control with LPFs, while  Figs. 9 and 10. As the HV dc-link capacitance is reduced, the
Fig. 8 depicts the same waveforms when using the proposed system is more immune to load transients, and hence, for the
control with time varying reference. Specifically, Figs. 7(c) given step change in load, the HV dc-link voltage undershoot
and 8(c) show the HV dc-link capacitor voltages, and the is increased by 50% when compared with the simulation study
ripple estimated according to (13) in a dotted line. As seen for Cyvgice; = 83 uF and LPFs. But, with the proposed
in these figures, the proposed control shows superior transient control, the voltage undershoot is reduced to < 0.01 p.u. as
responses. Specifically, by using time-varying references, a seen in Fig. 10(c).

negligible voltage drop on the C'rvdcs; is observed as com- Looking at the grid current profile in the steady-state in
pared t.o 0.04 p.u. when LPF are used. This is becaus.e Qf h?gh Figs. 8(b) and 10(b), the THD; is increased to 2.6% with
bandwidth for outer-energy controller achieved by eliminating Clivaes; = 20 pF, compared to 0.07% with Cryygen; = 83
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wF. This is because of increased ripple voltage with reduced
capacitance. However, the T'HD, remains lower than the
standard grid requirements of 5%.

A simulation study for a load transient of O to 1 p.u is shown
in Fig. 11 using the proposed time-varying references and a
known power feedforward term, i.e., Pry,er. Even with a
substantial transient change in the load, the system remains in
safe operating limits owing to the high bandwidth controllers.
A detailed comparison on the observed load transient condi-
tions, is summarized in Table. II.

V. CONCLUSION

This paper has proposed the use of time varying references
in SST control system with the aim of increasing the band-
width of the controller, which is especially relevant in the
low-capacitance SST due to its lower electrical inertia. The
simulation results obtained from a 1.2-MVA low-capacitance
SST, confirm the feasibility and effectiveness of the proposed
control system as compared to a conventional control system.
With the improvised control of Stage I using time varying
references, the undervoltage observed on HV dc-link capac-
itors during the load transient, is improved at least by 80%.
Moreover, the settling time is improved from 0.2 s to < 0.02
s. The THDj of the steady-state grid current remains within
the standard grid code limit of 5%, assuring the feasibility of
low-capacitance SSTs.
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