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Reactive-Power Compensation in a Single-Stage
Differential-Mode Solid-State Transformer

Shantanu Gupta

Abstract—TIsolated single-stage solid-state transformer (SST),
which employs zero-voltage switching (ZVS) for high-efficiency
operation, generally has limited capability for supporting reactive
load. In this article, a novel technique is proposed for a single-stage
differential-mode SST (DM-SST), which supports reactive-power
compensation in such non-unity-power-factor loads. A pulsewidth
modulation active-clamp (PAC) Cuk converter is used for the DM-
SST modules to employ the technique. The PAC-Cuk converter
utilizes clamp circuits across the two main switches, each consisting
of an auxiliary capacitor and a switch operating complementarily
to the main switch. Addition of the clamp circuits provide ZVS
operation on all the switches. In this article, the duty cycles of the
switches are varied using a feedforward control to also support
the reactive power. Furthermore, the output power relation of the
DM-SST for the extended range of control parameters, duty cycles
of the main switches, and the phase-shift ratio between the main
switches is studied. A design guideline of the DM-SST supporting
the reactive load is also presented using the extended output power
relation. A 1-kVA hardware prototype of the DM-SST is built using
the underscored design guideline to validate the analysis and the
operation of the DM-SST.

Index Terms—Reactive load, reactive-power compensation,

solid-state transformer (SST), zero-voltage switching (ZVS).
NOMENCLATURE

LFT Low-frequency transformer.

PAC-Cuk PWM active-clamp Cuk.

Cr1, Cro Input- and output-side blocking auxiliary
capacitors.

Cai1, Cas Input- and output-side blocking capacitors.

n Transformer turn ratio.

C, Equivalent blocking capacitor referred to input
side Cr = CA1 HnQCAQ.

L, Inductor in series with C'47.

Ty High-frequency transformer.
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HFL High-frequency link formed by Ca1, L,
C Bl, and T1.

Lin, L, Input and output inductors.

S1— Sy Switches of the PAC-Cuk converter module.

T Switching period of the DM-SST.

fs Switching frequency of the DM-SST.

Z Characteristic impedance of high-frequency
link formed by L, and Cy, Z,, = \/L,./C,.

Wy Angular frequency of high-frequency link
formed by L, and Cy, w, = 1//L,.C} .

Ay Phase-shift ratio defined as the ratio of delay
between the turn-OFF of S; and turn-ON of S
normalized by the switching period 7.

dy,dsy Duty cycles of main switches S; and Sj,
respectively.

Vin, Vo RMS input and output voltages of the ac/ac
converter.

Vin, Vo Instantaneous input and output voltages of the
DM-SST.

Tin, 1) Instantaneous input current and output current.

pT Power transfer through the HFL over T5.

vy, Vh Instantaneous node voltage across the switches
Sl and 53.

Average of v} referred to the primary side of
transformer over 7.

Equivalent current through the HFL over T}
seen at the output side given by pr/(vs).

®in Lagging angle formed between the fundamental
component of 7;, and viy,.

o Lagging angle formed between the fundamental
component of ¢/ and v,.

wr, Angular line frequency of the grid voltage.

g Ideal solution function on HFL for ac/ac con-

version given by is /vj,.

g(d1,d2,Ay) Solution function on HFL for the DM-SST. Also
represented by g in the article.
Th Time for which g = ¢* in a half-line cycle.

1. INTRODUCTION

OLID-STATE transformers (SSTs) are an emerging tech-
S nology to replace the bulky and monolithic conventional
LFTs. In contrast to LFTs, the SSTs have the potential to offer
fast autovoltage regulation and reactive-power compensation
internally. As the efficiency and reliability of an LFT are high [1],
single-stage isolated ac/ac converters are leading contenders for
the SST technology. A single-stage isolated SST can potentially
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Fig. 1. Example of a simplified one-line diagram of a distribution system.

yield higher efficiency owing to lower component count and
reduced energy processing in the ac/ac conversion compared
with multistage solution [2], [3]. To further increase the SST
efficiency, an ac/ac converter with the capability of performing
zero voltage switching (ZVS) turn-ON on all switches over a wide
operating range of the load is preferred to mitigate the switching
losses. The ac/ac topological solutions involving dual-active
bridge (DAB) converter [4], [5], [6], LLC converter [7], [8],
[9], and matrix-type converter [10], [11] have been explored for
SST applications and demonstrated to achieve high efficiency
by mitigating the switching losses. However, the works on
the single-stage ac/ac converters, presented in these articles,
primarily demonstrated the SST operations with active-power
loads.

As reactive power is prevalent in distribution systems (e.g.,
motor-based appliances [12], [13] and voltage control [14], [15],
[16]), an SST application often necessitates reactive-power-
handling capability [17]. The reactive compensating sources
(e.g., shunt capacitors and static-VAR compensators [12]) are
generally placed in distribution substations, which can be far
from the load, as shown in Fig. 1, resulting in losses and voltage
fluctuations. An SST with added capability of reactive-power
compensation can mitigate these adverse effects, improving the
grid performance and its utility [17]. In addition, the increased
penetration of distributed energy resources is resulting in re-
duced instantaneous energy reserves, which causes voltage fluc-
tuation and instability. Methods, such as Volt—Var optimization,
are being deployed to provide local inertial using the reactive
sourcing capability of photovoltaic (PV) inverters [18], [19]. In
the modern power system, an SST can be used to interface PV
inverter to the grid, hence, should have reactive-power-handling
capability.

An integrated DAB-based ac/ac converter for SST solution
is presented in [20] and [21]. Unlike a conventional three-stage
solution involving separate ac—dc, dc—dc, and ac—ac conversion
stages, the authors in [20] and [21] integrate the conversion
stages to reduce the number of active switches from 16 to 12.
In [21], the presence of dc links at the primary and secondary
sides of the SST transformer enables seamless operation with
reactive-power load since the dc link at the output side absorbs
the reactive power. As noted in Table I, the solution offers
wide ZVS operation of the switches over entire grid cycle.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

However, the three-stage solution also requires three controllers
to ensure the stable operation of the converter, making the
control design complex. Besides the need for a large number
of active switches and bulky capacitors for the dc links, the
multiple power-conversion stages of the SST lead to relatively
low efficiency of 93.5%.

In [22], an integrated three-stage ac/ac symmetric half-bridge
converter (SHBC) is presented where a DAB converter is com-
bined with two interphase transformers. The solution offers a
dense solution due to interleaving technique. Two dc-link capac-
itors are also present in this topology allowing input and output
port decoupling. SHBC requires eight switches with partial ZVS
turn-ON. The converter can handle wide reactive load and offer
reactive compensation capability. The three-stage solution offers
peak efficiency of 91.7%.

The authors in [28] and [29] showcase the simulation results
of single-stage SSTs based on DAB feeding reactive loads. In
both the articles, the phase shift between the two active bridges
is used to control the power flow through the high-frequency
link (HFL) formed by the series inductor and the transformer
and saturates for reactive-load operation for low instantaneous
input voltage due to imaginary solutions of the phase shift. The
imaginary solution occurs for the single-stage converter due
to the impedance of HFL, which limits the power transfer. In
[28], the SST is shown to operate at 60% rated power with a
lagging power factor of 0.95 (¢, = 18°); however, distortion at
the output voltage is visible in the result. Detailed analysis on the
effect of reactive power on the ac/ac operation is provided in [29].
The reactive-power operation for the DAB necessitates either
changing the leakage inductance or the switching frequency to
reduce the duration of the imaginary solution of phase shift,
which causes output voltage distortion, over a line cycle for the
ac/ac operation.

Single-stage hard-switching ac/ac solutions does not have
limitation with reactive loads as they generally have high instan-
taneous power transfer capability. Eshkevari et al. [23] proposed
a buck—boost ac (BB-AC) converter, which offers continuous in-
put and continuous output current. The peak efficiency obtained
for BB-AC is 93.5% and output voltage total harmonic distortion
(THD) of 2.3% for RL load. Ahmed et al. [25] also proposed a
continuous input and output current-based symmetric-bipolar-
type buck-boost ac (SBT-BBAC) converter. Both the topology
offers good reactive-load performance. Fathi et al. [24] presents
a four-switch-based quasi-Z-source converter. Even though the
converter requires low active switch count, high number of
diodes and passive components are needed. The converter is
experimentally tested with power factor (PF) = 0.8. As shown
in Table I, the efficiency performance of these single-stage hard-
switching converters is in the range of 91%-94% due to high
switching losses. However, these converters have satisfactory
performance with reactive load.

Zheng et al. [26] proposed a soft-switching single-stage
current-source converter named S4T. Due to the current source
nature of the converter, modular scaling of S4T (series input and
series output) is easy to implement and has been demonstrated.
The converter offers an estimated peak efficiency of 97% for
ac/ac conversion. S4T is also reported to handle reactive load.
However, the converter requires a high count of active switches
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TABLE I
COMPARISON WITH OTHER ISOLATED AC—AC CONVERTERS
. Matrix- Quasi-Z- SBT-
Topology DM-SST T]})’fg?;aﬁe sglza]c S{XBbrE‘;] LLC[7] | type DAB 131[32-;x]c source | BBAC | S4T[26]
[10] [24] [25]
Switches/diodes 8/0 12/0 8/0 12/0 12/0 14/0 5/4 4/10 8/0 10/10
Capacitors 12 3 5 4 3 3 3 7 4 4
Magnetic cores 6 (2%) 4 6 4 3 5 3 5 3 5
ZVS range Wide Wide Partial Wide Wide Wide No No No Wide
DC-link capacitor No Yes Yes No No No No No No No
Reactlve'-.load Yes Yes Yes N/R N/R N/R Yes Yes Yes Yes
capability
Reactlvg Yes Yes Yes No No No No No No No
compensation
Peak efficiency 97.3% 93.5% 91.7% 92.1% 96.32% 93.3% 93.5% 91% 92.1% 97%
Output power 1 kVA 1 kW 500 W 2 kW 1.5 kW 2 kW 250 VA 2kVA 400 W | 22kVA
Switching frequency 40 kHz 100 kHz 30 kHz 100 kHz 40 kHz 100 kHz 40 kHz 100 kHz kzl—fz 16 kHz
Output voltage 220V 100 V 110V 220V 220V 220V 100 V 100 V 110V 480 V
Sw“fii‘r’l‘;“age 12kV 12kV 650 V 600 V 600 V NR 650 V NR 600V | 12kV

N/R=Not reported, and * integrated magnetic solution [27]. Note: Wide ZVS range is used to indicate the capability of ZVS switching on the switches over entire-
line cycle, and partial ZVS is used to indicate the capability of ZVS switching over limited region of linecycle.

and diodes due to the need of reverse current blocking. A very
low leakage transformer is also required for better performance
of the converter.

A single-stage isolated differential-mode solid-state trans-
former (DM-SST) based on PAC-Cuk converter module is pro-
posed in [30] and is shown in Fig. 2(a) and (b). As the converter
is based on Cuk converter, DM-SST offers continuous input and
output current. The current-source nature of the input and output
port allows easy modular scaling of the DM-SST to distribute
the voltage equally between the modules, making it suitable
for high-voltage applications [31]. However, the DM-SST dis-
cussed in [30] also suffers with output voltage distortion for
reactive load.

In this article, a new control strategy is provided for the
DM-SST, which overcomes the limitation using two aggregated
strategies. First, the reactive power through the HFL is reduced
by using the auxiliary capacitor to source the load reactive power.
Second, by extending the maximum power transfer capability
through the HFL using the duty cycles. The proposed solution
expands reactive-power-handling and absorption capability of
the DM-SST, however, with higher voltage stress on the switches
and auxiliary capacitors. The following are the key contributions
of this article.

1) Unlike the work presented in [30] where only phase-shift

ratio is used to control the ac/ac operation, in this article,
a novel operational mechanism that controls the voltage
across the auxiliary capacitors through the duty cycle
of the switches is proposed to facilitate and extend the
reactive-power-handling capability of the DM-SST with-
out needing any additional components. The proposed
mechanism utilizes the auxiliary capacitors to support
reactive-power compensation over a wide range while
preserving the high-efficiency operation, a typical feature
of multistage ac/ac converters.

2) A detailed analysis on the effect of the extended range
of duty cycles and polarity of phase-shift ratio on the
operation of the DM-SST is also performed. It is noted
that, while in [32] and [33], duty-cycle dependencies on
the operation of the PAC-Cuk are presented, only positive
phase-shift ratio is considered, which limits the validity of
the model.

3) A feedforward-linearization control is also devised for
ac/ac operation, which greatly simplifies the closed-loop
controller of the DM-SST. The linearization significantly
improves the tracking performance of the DM-SST for
reactive loads.

Overall, in this article, the analysis of the effect of duty cycles
on the operation of the DM-SST is provided in Section II. The
analysis is separated by the time scale of line and switching
cycles for simplification. Section III discusses the operation of
the DM-SST; furthermore, a feedforward-linearization function
is also devised to enable the closed-loop voltage control. In
Section IV, a design guideline for the DM-SST is provided for
reactive-power operation. Section V presents the simulation and
experimental results regarding validation. Finally, Section VI
concludes this article.

II. OPERATION OF DM-SST WITH VARIABLE DUTY CYCLE

The single-stage DM-SST consists of two identical isolated
dc/dc modules (Modules 1 and 2) connected differentially at
the input and output port, as shown in Fig. 2(a), to perform the
ac/ac conversion. The modules are operated under discontinuous
modulation scheme (DMS) [30] where only one module is
switched at a time at high frequency depending on the polarity
of the input voltage vy, as given in the following equation:

_ {vin for vy, >0 {vo for vy, >0
Vin,1 = 0

v =
for vy, <0 7 1 0 forv, <0
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Fig.2.  (a) Architecture of the DM-SST. (b) Isolated PAC-Cuk converter used
for a DM-SST module. (¢) Waveforms of the PAC-Cuk module.

0 0
Vin,2 = — Ui - v,

where vi, 1 and v, 1 are the input and output voltages of Module
1, respectively, while v;, 2 and v, » are the input and output
voltages of Module 2, respectively. DM-SST under DMS is
operated such that the output voltage (v,,) and the input voltage
(vin) are in phase.

The PAC-Cuk dc/dc converter (Module 1), as shown in
Fig. 2(b), comprises auxiliary capacitors Cr; and Cpo, blocking
capacitors C'41 and C o, series inductor L,., isolation trans-
former T3, and switches S; — S;. Module 2, which has a
topology identical to that of Module 2, comprises the same
set of components. Parameters for these components used for
Modules 1 and 2 in the DM-SST are so chosen that high effi-
ciency is achieved while yielding reactive-power compensation
for a non-unity-power-factor load. The PAC-Cuk module has
two half bridges formed by S; — S; and S3 — Sy, where the
switches of the half-bridge pair are operated complementarily
with small deadband to avoid shoot-through condition. The
PAC-Cuk module has three control parameters: the duty cycle

for v;; >0

for vy, >0 v
0,2 for v, <0

forv, <0’ 7% M
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dy of Sy, the duty cycle do of S3, and phase-shift ratio A
defined as the ratio of delay between the turn-OFF of S and
turn-ON of S3 to the switching period 7. Fig. 2(c) shows the
waveform associated with the operation of a PAC-Cuk module.
When (g1 is active, the nodal voltage v; is 0 V, while when G g1
is inactive, v, matches the voltage (vop1) across C'ry . Similarly,
when Gg3 is active, the nodal voltage v/, is 0 V, while when
G g3 is inactive, v}, matches the voltage (vora) across Cra.
By performing volt-second-balance analysis [34] on the input
inductor (L;,), output inductor (L, ), and series inductor (L;.)
over a switching period yields the following average-voltage
relations [33], [35]:

(vert) <§,1> = %‘,: (2a)

(vora) = V2 = Ve (2b)
dy dy

(vca1) = (V1) = vin (2¢)

(voaz) = (vg) = v, (2d)

In (2a)—(2d), (M) is the operator used to denote average value
over a switching period d} = (1 —d;) and d;, = (1 — ds) . By
assuming a quasi-static equilibrium [34], the simplified analysis
of DM-SST operation can be separated into two time scales:
the grid line cycle (17) and the switching cycle (7%), with
(Ts < T1).

A. Grid Line-Cycle Analysis of the DM-SST Module

As the two PAC-Cuk modules are identical and operated
exclusively as captured in (1), the analysis of only Module 1
is considered in this section. Using (2), PAC-Cuk dc/dc module,
as shown in Fig. 2(b), can be simplified to Fig. 3(a). The power
transfer between the input and the output ports via the HFL is
defined to be pr and is dependent on converter design parameters
[32],[33] L, and C,. = (C41||Ca2/n?) and the control param-
eters dy, do, and Ag. By performing circuit simplification [34],
the equivalent capacitances for C'7; and C'po reflected across
the nodes with voltages (v;) and (v}) are found to be Cy /d?
and Cro/d%, respectively.

In Fig. 3(a), the impedance offered by the input and the output
inductors at the line frequency is negligible compared with the
impedance of the capacitors. Hence, the voltage drop across the
inductors can be ignored resulting in an approximate equiva-
lent model, as given by Fig. 3(b). The input- and output-side
equivalent lumped capacitors Ceq,1 and Ceq 2 are obtained by
combining the capacitors on the node with voltages (v;) and
(v2) and are given by

Cr1
Coq1 =Cin+Ca1 + ————
4 (1—dy)?
O, Ca Cr2
Ce(LQ - n2 + n2 + n2(1 _ d2)2 ' (3)

As shown by (3), the equivalent internal capacitance of the
DM-SST has dependency on the control parameters d; and do
indicating that the duty cycles can be used to control the current
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Fig.3. (a) Detailed model, (b) approximated equivalent model, and (c) phasor diagram referred to input port of the PAC-Cuk module.
drawn by the capacitors and absorb the inductive current of ;G L 0 T wt
Lr
the load. " >
The resistive—inductive load current referred to input side ot e =
(i) = n(i!)) can be written in phasor form as follows: 0 "
<io> = |Io| z (_¢0) = <io>c +j<io>s 4
where |1, is the magnitude of the load current, ¢, is the lagging (v1) p
phase angle between v;, and (3,), (i,), is the real component, ; - o
. . 1 >
and (4,) is the orthogonal component of the load current. The
current through the capacitors Ceq1 and Ceq 2 is denoted by
(ic1) and (ic2), respectively, and is given as follows:
lic) = _ Un
wr, ch,l
. nv, V1,ac iLr,Z iLr,l V2,ac
(ic2) = ———. ®)
wr, Ceq,2

Assuming lossless power transfer through the HFL, the cur-
rent into the HFL (4, ) is given by
o (va) N,
<Zl> - <,U1> <22> ~ Vin
where m is the converter gain, and (is) = (i, ) + (ic2).

In Fig. 3(c), phasor diagram of the converter is shown to illus-
trate the compensation capability on the orthogonal component
of the load current. Using the phasor diagram, the input current
iin at the input port is given by

iin = Mm(io),. + j (Mlio), — ((ic1) + m(ic2))).  (7)

The capacitor currents (i¢1) and (i¢2) have dependency on
dy and dy through Ceq 1 and Ceq 2, as given by (7), and can be
used to reduce the orthogonal component of the input current
resulting in improvement in power factor at the input port.

<i2> =m <’LQ> (6)

B. Switching Frequency Operation of the DM-SST Module

The power transfer pr through the HFL formed by L.,
Ca1, and Cyo is dependent on the controller parameters dy,
do, and A,. The blocking capacitors C'4; and C4o can be
lumped into C,. = C41 ||Ca2/n? for simplification, as shown
in Fig. 4(a). In [30], constant symmetric duty cycles of 0.5 are

C, C,
0 L"%l iLr1 Z’Lr,Zl% L
(b)

Fig. 4. Equivalent HFL circuit formed using Thévenin’s theorem. (a) Sim-
plified HFL circuit and (b) equivalent HFL circuit formed using Thevenin’s
theorem.

used, which simplifies the modeling of the DM-SST due to
the symmetricity of the operation. However, as the duty cycles
varies for reactive-power operation, a detailed model accounting
for wide variation of the control parameters di, da, and Ag
is needed.

A closed-form solution for a circuit consisting of dual two-
level voltage sources connected in series across the LC resonant
tank is complex and generally realized using the first-harmonic
approximation (FHA) [36], [37] for simplification. However,
FHA introduces significant errors for duty cycles not equal to
0.5 and f, not near the resonant-tank frequency 27 f,,. In contrast,
the circuit analysis of a two-level voltage source across an LC
tank constitutes a second-order system with only two modes. At
quasi-static state, the average current through the LC resonant
tank is O A and the state variables of the LC resonant-tank system
are readily solvable. Hence, Thévenin’s theorem and principle
of superimposition can be applied to decompose the circuit to
the one, as shown in Fig. 4(b) [33].
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Ay =0.15, and A;b =0.25. (b) Case II: d; = dp = 0.40, Ay =

0.15, and A/(b = —0.05. (c) Case III: d; = d2 = 0.60, Ay = —0.15, and A; =0.05. (d) Case IV: d1 = d2 = 0.55, Ay = —0.15, and Alqb = —0.05.

Fig. 4(a) shows an equivalent circuit obtained with focus on
only the HFL. The nodal voltages v; and v are decomposed in
ac and dc components, as given by the following equation:

v1 = (V1) + V18
v = (V2) + V24 (®)

where v1 4. and v 4 are the normalized ac voltage sources and
are defined as follows:

Uindl/dll forO0<t< dllTs

Vl,ac =
—vp  ford|Ts <t < Ts

NV, for 0 <t < doTy

€))

V2 ac =
—rwodz/d/2 for doTy < t' < T,

where t’ =t — AyT.

The average dc components of v; and v, are blocked by C,.
due to the high impedance of the capacitors at low frequency, as
given by (2). Hence, these components does not participate in
the power transfer [33] and are ignored in the analysis.

InFig.4(b), only the decomposed ac sources are applied on the
LC, while the average component of the nodal voltages is ignored
as net power transfer through the average component is zero over
aswitching period. The separation of the ac sources is performed
by applying superposition theorem and Thévenin’s theorem. The
decomposed circuit can now be analyzed by focusing on solving
the two-level circuit independently.

The current generated by v;,. in the LC tank is denoted
by ir-1 and current generated by vy, in the LC tank is
denoted by iz, 2. The solution for iz, and i, is given
as follows:

Details on solving the resonant-link current are detailed in
[32] and are not repeated here. The resultant i 7, can be obtained
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TABLE I
EXPRESSION OF OUTPUT POWER FOR DIFFERENT CASES
Control parameter condition Output power relation py
44>0,44>0 pr = kfi(dy,dz Bg)
4y > O'A:b <0 pr = kfz(dvdz:A(p)
Ay < 0,4y >0 pr = kfs(dy,dy, Ay)
4y < 0,4, <0 pr = kfy(dy,dy, )

by the relation given as follows:

(1)

Z‘LT - iLr,l - Z-Lr,2~

Asnoted by (10) shown at the bottom of this page, the i, 1 has
dependency only on the input-side control parameter d;, while
irr,2 has dependency on the output-side control parameter d»
and A,. The net power transfer py from the input port to the
output port is found by computing the power delivered to v 4
by ir,1 in T and is mathematically expressed as follows:

I
pr= [ vaisad (12)

A closed-form expression for pr can be found by separating
the integration into the four modes of operation as both v 4
and i, are piecewise functions defined by (9) and (10). As
with other dual two-level HFL-based topologies [38], [39], [40],
[41], the modes and their sequence for the PAC-Cuk module
differ with the control parameters, as shown in Fig. 5. In the
figure, U1 4 and ¥z 4 are the normalized voltages with vy, as the
base voltage, whereas iy, 1, iz 2, and iz, are the normalized
currents viy/(wr, L) as the base current. There could be four
possible cases depending on the polarity of Ay and Aiﬁ, where
AIdJ = di + d2 + Ay — 1;hence, the closed-form solution of pr
is a piecewise function for the four cases.

For example, in Fig. 5(a) and (b), in the mode between the time
periods t; — tp, both the Gg1 and G's3 are inactive as Ay > 0.
While for the mode between the time periods t4 — t3, both the
(g1 and G g3 are active for the case, as shown in Fig. 5(a), as
A/¢ > 0, while for the case of Fig. 5(b), both the Gg1 and G g3
are inactive as Aiz; < 0. These discrepancies result in different
solutions of (11) as vy ,c and iz, 1 are the piecewise solutions,
which have different overlap regions for the two cases.
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Fig. 6. (a) Output power dependency of PAC-Cuk on the control parameters

against Ay and di = da. (b) Ay max and Ay min as a function of dy = da.

Table II provides the output power relation pp for the
complete range of the control parameters by accounting
for the four cases and solving (12). In Table II, k=
UiV /(dydy Zrw, Ts sin(%5)), while fi, fo, f3, and f; are
given by (12). The output power transfer through the
HFL is directly proportional to input and output volt-
ages. Fig. 6(a) showcases the normalized output power pr
(pr = pr /(nviwv,/(wrLy))) dependency on the control pa-
rameters by utilizing the power relation obtained from (13)
shown at the bottom of the next page.

As shown in Fig. 6(a), higher dy = d5 results in higher max-
ima of pr for constant Ay. Also, the peak of the output power
occurs at different ranges of A for various dy = dy . The pr
trend reverses after the peak of pr with increasing A,. Hence,

in SIH(M) 3 t d’ /
dfzo W sin (ers (T - 71)) , 0<t<diTs
irr1(t) = . (mwg (10a)
s — s
in . t d
7.5 Tom(=zy (ons (—Ti +1- 7)) , AT <t <Tj
sin(wﬂ;‘gdlz y .
Vo .\ - . t do ,
iL’l‘,Q(t) - d,2ZO Sin(wTQTS) St (erS (TS 2 )) ’ O < t < dzTS (10b)
. sin(iwﬂjsob) . v 1+4d ,
d;}ZO @ sm (ers (_TS + =5 2)) , doTy <t/ < T

where t' =t — AyTs, Z,

\/LT/CT’ and w, = ‘/1/chr‘
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the range of A, needs to be obtained by solving the maxima and
minima of pr for a given d; = ds .

Fig. 6(b) provides the range of Ay for d; = dy by finding the
maxima and minima of f; and f,4, respectively. Itis observed that
the difference between the maximum phase-shift ratio Ay max
and the minimum phase-shift ratio Ay min is near 0.25. In ad-
dition, the relation between Ay max can be approximated by a
linear function of d; for practical application.

III. OPERATION OF THE DM-SST FOR REACTIVE LOAD

Single-stage ac/ac converter based on HFL with L or LC
faces challenges with reactive load due to limited power transfer
capability [28], [29]. This limitation arises as the power transfer
relation is directly proportional to the input and the output
voltages. While the maximum power transfer capability of the
converter depends on the design parameters L,., C,., and Ts un-
der reactive-load conditions, the instantaneous power required to
be transferred through the HFL is higher than what the converter
can support, resulting in significant output voltage distortion,
especially near the zero crossing of the input voltage. However,
due to the presence of Ceq 2 in the DM-SST, the reactive-power
component of the load can be absorbed by the capacitor resulting
in a wide range of reactive-load-handling capacity.

A. Analysis of the Limitation for Reactive-Power Load

Equation (14) captures the required instantaneous power p/.
through the HFL for the ac/ac operation using Fig. 3(b)

P = ninte g° = n {iz) v, (14)

where g* is an ideal solution function that ensures ac/ac opera-
tion. Using (14) and Fig. 3(b), the relation of ¢g* for the DM-SST
is given as follows:

*

g =

<i2> _ ‘Igl sin (th — 9)

15
Vin ‘/in,m ( )

sin (wpt)

where |I] = \/(ICQ — Isin(¢,))* + (I cos(¢,))* and 6 =

Atan’l(%:(i&(f“)), wy, is the angular line frequency, and

Vin,m 1s the amplitude of the input voltage.

Fig. 7 illustrates the required ¢g* for various load conditions
for an ac/ac converter. For = 0, g* is reduced to a constant,
as shown in Fig. 7(a). A constant g* indicates only real power
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Fig. 7. (a) Solution of g* for reactive load with constant |I2| = 2.3 A and
various phase condition 6 through the HFL. (b) Solution of g* for reactive load
with various | 2| and constant phase @ = 7/6 through the HFL.

flow through the HFL. With increase in 6 (higher reactive-power
flow), the required g* also increases in proximity of zero crossing
of input voltage.

The solution function g, which the DM-SST can support, is
given by (16) using the power transfer relation, as stated in
Table IT and substituting into (14)

dy. dy, A
g (di,d2, Ay) = f(d1, do, Bg)

 dydyZyw, Ty sin (%)

(16)

where f € {f1, f2, f3, fa} and g is dependent on the control
parameters and converter design parameters. As ¢ is bounded,

g (dla do, Aqﬁ) =G" YV Gmax < g < Gmin, Where gmax and gmin

fi(di,da,Ay) =

sin (wy (Ag + di — 0.5)) + sin (w, (Ag + dz — 0.5)) — sin (wy (Ay — 0.5)) — sin (w,. (A; - 0.5))

2

2A —1
fa(d1,d2, Ay) = sin (wr;il) (cos (WT (244 +di — 1)

2

) . (wT (2A¢+c;1+2d2—1)>)

f3(d1,d2, Ay) = sin (M> (cos <wr (28¢ +d +2d> — 2)) — cos <°"T(2A¢+d1)>>

2

fa(di,da, Ay) = f1 (dy, da, Aly)

2
13)
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are the maxima and minima of g(d1, d2, Ay). Tx is the duration
for which g = g* . Note: g(d1,ds,Ay) is represented by g,
henceforth.

In Fig. 7, gmax and gmin bounds are obtained for dy = dy =
0.5. A higher 6 will result in the saturation of g for a longer
duration resulting in distortion in the output voltage due to the
inability of the HFL to support the ac/ac operation. Fig. 7(b)
illustrates the effect of the magnitude of current through the
HLF on ¢*. For the same 6, the trajectory of g* is confined to the
bound more for lower current and higher 7TA. Hence, the HFL
would result in lower distortion of output voltage for lower load
conditions.

The DM-SST can also support higher reactive power (and
higher #) with minimal output voltage distortion by decreasing
the design parameters (Z,.,w,, and Ts) [29] [increasing the
maximum power-handling capability, as shown in Fig. 7(b)]
resulting in a higher bound of g as given by the denominator
of (16). However, such a modification will result in poor perfor-
mance of the converter for active-power operation.

On the other hand, the DM-SST offers an extension of g
through the modification of duty cycles d; and ds. In addition,
(i9) is the sum of (i,) and (icr2), where (icra) can be con-
trolled using d5 to decrease the effective reactive component of
the current through the HFL. The current through the HFL is
not directly related to the load current in the DM-SST but has
intermediary current absorption feature controlled by the duty
cycle, which provides wider operational capability for reactive
loads.

B. Feedforward-Linearization Function for the Controller

The DM-SST can operate in closed loop using a simple output
voltage controller with < 2% THD, which requires only input
and output voltage sensors for resistive loads [30]. However, for
reactive loads, the output of the controller is required to follow
the solution function g*, which is highly nonlinear, especially
in proximity of zero crossing and for high reactive power. The
controller needs to have higher bandwidth to be able to track such
high nonlinearity, which is a limitation of voltage controllers
[34]. An inner current loop-based controller can provide high
bandwidth but will necessitate an additional current sensing and
a complex dual-loop control structure [42], [43].

From (15), it can be noted that the nonlinearity is largely
due to the presence of sin(wyt) in the denominator, which is
due to the sinusoidal input voltage. Hence, in this article, a
linearization function is introduced so that the controller needs
to address only the numerator component, which has a line
frequency component as well as other nonlinearities of the
converter. A proportional resonant controller (PRC) with the
resonant frequency set at wy, is used, as shown in Fig. 8. A
phase-locked loop is used to obtain the phase angle of the input
voltage.

IV. DESIGN GUIDELINES OF THE DM-SST WITH FOCUS ON
REACTIVE-POWER OPERATION

The DM-SST has the capability of extending the solution
function g for ac/ac operation without changing the design
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Fig. 8. Closed-loop control scheme for output voltage regulation.
TABLE III
REQUIRED SPECIFICATION OF THE DM-SST
Parameter Value
Vi 220 Vs
Vo 220 Vs
Somax 1kVA
Qomax 400 VAR
fs 40 kHz
0.15 T T T T T
——d; =dy =045] |
CT = 083 MF e dl — d2 — 065
0.1 -
I
cg: C,.=0.5 uF |
C, =0.36 uF
0.05 -1
0 1 1 1 1 1
50 75 100 125 150 175 200
L, (uH)
Fig. 9. Dependency of gimax on the HFL parameter for fixed w,.

parameter of the HFL. Hence, the design guidelines of the
passive components of the DM-SST provided in [30] are largely
valid. In this section, the dependency of region of operation of
the DM-SST on the converter design and control parameters
is discussed in the context of reactive load. As discussed in
Section I, auxiliary capacitors Cr; and C'rg and the duty cycles
dy and ds play a major role in handling the reactive loads and
absorption of the reactive power. A 1-kVA DM-SST is designed
in this section as per the electrical specification, as provided in
Table III. The transformer turn ratio n = 1 is chosen to facilitate
hardware implementation. At nominal operation, the converter
gainm = 1 as Vi, =V, = 220 V.

A. HFL Parameters C,. and L,

The resonance link formed by C,. (= Ca1]| %‘;2 ) and L, plays

a vital role in dictating the power flow through the link, as given
by (12). The maximum and minimum values of g are governed
by L, and C,. for the given control parameters (d1, dz, and A),
as also shown by (15) and Fig. 9. A higher operational range of g
enables reactive-power operation with lower distortion (higher
TA), as discussed in Section III and shown in Fig. 7. However,
increasing the operational region of g by lowering L, results
in a higher C,. to maintain the same resonance frequency w..
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Fig. 10. Region of operation of the DM-SST for reactive loads.

A larger C,. affects the performance of the DM-SST because it
results in increased capacitive current at the input port and higher
phase-shift sensitivity for low-load conditions. Fig. 9 plots the
dependency of gmax on L, while maintaining the HFL resonance
at w, = 126.5rad/ms (f, = 20kHz).

The parameters of HFL for the DM-SST are optimized for
active load of 1 kW, as outlined in [30], and other parameters
and features of the DM-SST are used to handle reactive power
without compromising the performance for pure resistive load. If
the application requires wider reactive-load-handling capability,
lower L,. can be used to increase the limit of gyax.

B. Auxiliary Capacitors Cr1 and Crpo

The voltage across the auxiliary capacitors in the DM-SST
can be actively controlled to provide reactive-power absorption,
as discussed in Section II. The minimum size constraint on C'7
and C'po arises from the voltage ripple condition [30], whereas
the maximum size constraint arises from the required reactive-
power absorption by these capacitors.

The maximum reactive-power absorption (Qc2max by the
lumped capacitor C,q 2 present at the output side of the isolation
transformer is given by (17) obtained using (3). Hence, Q) ¢'2 max
is the maximum reactive load for which the power flow through
the HFL can be purely active power (6 = 0°) and the DM-SST
can support the required g* for the entire-line cycle. Similarly,
maximum reactive-power absorption ()1, max by the lumped ca-
pacitor Cq,1 is given by (18). The limit on the maximum reactive
load for which the DM-SST can provide unity-power factor is
obtained by adding (17) and (18), (Q¢1,max + @ c2,max)- Fig. 10
showcases the output load region for which the unity-power
factor (¢i, = 0°) can be obtained with da ;max = d1,max = 0.65,
where d2 1ax and dq max are the maximum allowable duty cycles
dy and dy, respectively. da max and di max are obtained as per the
maximum allowable voltage of 890 V across the switches and
auxiliary capacitors as given by (2) for Vi, = V, = 220 V. In
this article, C'r; = Cpa = 0.68 pF is chosen to allow 200 VAR
absorption through the DM-SST

C
QCQ,max = V(,2 wr (Co +Ca2 + (1—(i72ﬂ2)2> (17)

C
Qc1max = Vﬁ wr <Cin +Ca1 + (1_651)2) .18
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Fig. 11.  Control scheme for operation of the DM-SST with reactive-load and
reactive-power absorption.

i, ds [ NN

C. Control Parameters dy, da, and Ay

The duty cycles d; and do can extend the range of g, as
given by (12) and (16), and hence, improve ac/ac operation for
reactive-load condition. In addition, d; and ds also have control
over reactive-power absorption. The maximum values of d; and
ds are obtained by considering the rating of the switches and
auxiliary capacitors.

In Fig. 10, the operable range of the load for the designed
DM-SST is determined such that the DM-SST is following the
required g* function for the line cycle except for the 10% in
proximity of the zero crossing Ta = 10% of 7 /wr,. The region
of operation can be found by solving (19) for 0,.x and (20) for
Dmax Withwy, tr, ,, = 0.957 (for the 10% threshold). The pres-
ence of LC filter formed by L, and C,, at the output port filters
the distortion, resulting in the output voltage with acceptable
distortion measured using THD

gmax(vo,m)2 sin (thL,m )

vV S2 — QCQ,max

where S is the apparent power, V, ,, is the amplitude of output
voltage, and wrtr, ,, is the maximum radian angle for which

g=g"

2
Omax = cos™! | cos (Omax) \/1 _ (ch,max)

With di max and da max = 0.65, gmax = 0.059 is obtained.
This allows DM-SST to operate with ¢, = 19° (PF, ~ 0.94) at
full load of 1 kVA, while 470 VA for pure reactive load. In com-
parison, operating the DM-SST with d; = da = 0.5 results in
Imax = 0.035, which would allow the converter to operate with
0o = 8° (PF, ~ 0.99) at full load of 1 kVA, while 250 VA for
pure reactive load while ensuring acceptable THD performance.
Hence, higher duty cycle extends reactive-power-handling ca-
pability of the DM-SST.

Control scheme for reactive-power operation of the DM-SST
is shown in Fig. 11. The input voltage and input current are
used to compute the reactive power at the input port Qi, [44],
[45]. A reactive-power reference ()5, is used to create error and
fed to a proportional integer (PI) controller with saturation at
dmax = 0.65 and dp;, = 0.4. The duty cycles are used to calcu-
late the range of Ay min and Ay max using linear approximation
of plot, as shown in Fig. 6(b). For the power reference, if a
unity displacement power factor ( ¢, = 0°) between the line
frequency ii, and vy, is desired, @)}, = 0 should be used. How-
ever, the DM-SST can only compensate for maximum reactive
load of Q1 max + @ 2,max; beyond this limit, the controller will
saturate to the maximum duty cycle.

= Sil’l ((.AJLtL7m - omax) (19)

(20)
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Fig. 12.  Dependency of 45 o through switches (a) S1 and Sy, and (b) S2
and S3 for the designed DM-SST at vy, = v, = 300 V withdy = da and Ay.

D. ZVS Region

The DM-SST offers an extensive ZVS turn-ON region for a
wide load range resulting in reduced switching losses. The ZVS
turn-ON of a switch requires a negative drain-to-source current
14s,0N through the switch before the gate transitions from OFF
to ON. Hence, the extended model, as detailed in Section II,
can be used to determine the polarity of iqs on to determine
the ZVS turn-ON range for the DM-SST [30], [33]. Fig. 12(a)
presents the iqs,on for S; and Sy for various duty cycles of
the designed DM-SST, while Fig. 12(b) presents the ¢gs,on for
S5 and S3. The curves for the two switches are the same due
to symmetricity in operation of the DM-SST. For S5 and S3,
igs,0N 18 negative and decreases monotonously with A 4, and
duty cycles, hence, satisfies the ZVS turn-ON condition easily,
as also noted in [33]. While for S; and S4, i4s,on remains
flat for low A 4 and decreases with increase in duty cycles.
In Fig. 12(a), ZVS condition is not satisfied for A 4 < 0.8
and d; = dy = 0.45 for which pp is near zero or negative. In
general, it can be concluded that the increase in duty cycles
enhances the ZVS region of the DM-SST while improving the
reactive-power-handling capability.

V. SIMULATION AND EXPERIMENTAL RESULTS

A 1-kVA DM-SST system is simulated using MATLAB-
SIMULINK software and an experimental hardware is built
as per the specification provided in Table IV to validate the
operation and design methodology outlined in this article. The
simulation results are primarily used to validate the DM-SST
operation at the borderline load rating conditions marked by
red triangle in Fig. 10 where various high inductive loads are
required. As procuring power inductors in the order of 100 s of
mH are difficult, simulation results are shown. The experimental
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TABLE IV
DESIGNED PARAMETERS OF THE PROTOTYPE CONVERTER
Parameter Value
L, 125 uH
Lin, L 600 uH
L 2mH
Ci1,Cyy 0.68 uF
Cp1, Cp1 1 uF
Cin, C, 0.68 uF

wrt—»

Fig. 13.  Simulation results of the DM-SST with S = 1 kVA and ¢, = 22.6°.
Input voltage v;,,:[200 V/div], output voltage v,:[200 V/div], input current
1;n:[10 A/div], output current i,:[10 A/div], and A4:[0.25 Unit/div].

validation of the DM-SST at the rated voltage is shown by
the orange dots. The green star in Fig. 10 is the equivalent
operating load condition performed at derated voltage due to
rating limitation of the loads.

A. Simulation Results

Fig. 13 demonstrates 1 kVA and 220 Vj,s operation of the
DM-SST with ¢, = 22.6° at which duty cycles are operating at
dmax = 0.65 to maximize the possible solution function g. The
DM-SST s operated in closed-loop control using the output volt-
age signal with linearization function as per Fig. 8. The control
parameter A, is used to regulate the output voltage and takes
the shape of solution function g for reactive power, as discussed
in Section III. As duty cycles are at the maximum value, which
results in maximum reactive-power absorption by the DM-SST,
the fundamental component of the input current is lagging by
¢in = 6° with respect to the vj, even though i, is lagging with
o = 22.6° demonstrating the reactive compensation features of
the DM-SST.

Fig. 14(a) demonstrates 600 VA load operation of the DM-
SST with the output current lagging the output voltage by
¢o = 45°. The fundamental component of the input current is
lagging by ¢y, = 18° with respect to the vi,, which is higher
than the previous result, as shown in Fig. 13, as the reactive
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Fig. 14.  Simulation results of the DM-SST with (a) S = 600 VA and ¢, = 45°,

and (b) S =450 VA and ¢, = 90°. Input voltage v;,,:[200 V/div], output voltage
v,:[200 V/div], input current i;,,:[10 A/div], output current ¢,:[10 A/div], and
A4:[0.25 Unit/div].

component of the load is also higher. The THD of the output
voltage V,, thp is measured to be 1.09%. A simulation with
the same load condition, fixed duty cycles of 0.5, and the
feedforward method was conducted, which resulted in V,, tip =
7.5% demonstrating the impact of duty-cycle control. Fig. 14(b)
showcases the operation of the DM-SST with maximum pure
reactive load (S, = 450 VA, ¢, ~ 90°) as per the converter
design for below 5% out of bound operation. The majority of the
reactive power required by the load is supplied by the DM-SST
resulting in apparent power at the input port Sj, = 179 VA for
d; = d2 = 0.65. Hence, the duty cycles of the DM-SST not
only extend the converter capability to handle reactive load but
also absorbs the reactive power. The measured V, rgp in the
simulation is 1.17%.

B. Experimental Results

A hardware prototype, as shown in Fig. 15, is designed and
built based on Tables III and IV for validation of the work
outlined in this article. For the voltage source, NR Research’s
9410-36 grid simulator is used, whereas Yokogawa’s WT1806E
is used to obtain the experimental data on THD, efficiency,
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Fig. 15.  Experimental prototype of the DM-SST.

power factors, and active- and reactive-power measurements.
The output voltage controller with the proposed feedforward
function (see Fig. 8), reactive-power absorption controller (see
Fig. 11), and the DMS modulator is implemented using Texas
instrument’s TMS320F28379D. The control loop frequency is
maintained at 40 kHz (= f ).

Fig. 16(a) and (b) provides the data of the design DM-SST
operated at rated input and output voltages of 220 Vs for an
RL load of (79 4 j28)2 using a 65 mH inductor. For this test,
the DM-SST is operated with various duty cycles to measure
the effect on input current phase angle ¢y,, converter efficiency,
and measured output voltage THD V,, typ for the given load
condition. The output voltage controller is active in this test,
whereas the duty cycles are manually adjusted to gather the
data. The load results in the output current of 2.6 A/ — 19.8°.

Fig. 16(a) showcases the dependency of d; = ds on the ¢yy.
As expected from the analysis, as developed in Section II-A,
increase in duty cycles results in increase in absorption of
reactive power by the DM-SST causing ¢, to decrease with duty
cycles. At duty cycles of 0.52, unity-power factor is achieved on
the input port. With output reactive power, ), = 193 VAR, the
DM-SST absorbed all the reactive powers at duty cycles of 0.52,
which resulted in Sj, = 555 VA, while S, = 572 VA. Further
increase in the duty cycles causes capacitive loading (leading
input current) at the input port. Fig. 16(b) shows the efficiency
and V,, thp plot against the duty cycles. For low value of duty
cycles, the gmax and gmi, are very small resulting in high distor-
tion of the output voltage. With higher duty cycles, the V,, typ is
near 2%. The peak measured efficiency is 97.36% at duty cycles
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Fig. 16. Experimental data of dependency of the DM-SST operated at rated

input and output voltage with S = 572/19.8° for various duty cycles against
(a) input current phase angle ¢;,, and (b) efficiency and measure output voltage
THD V, rup-
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Fig. 17. Experimental waveform of the DM-SST with di =d2 =0.5
with S =572 VA/19.8°. Input voltage v;,:[500 V/div], output voltage
V0:[500 V/div], input current i;,:[10 A/div], output current i,:[10 A/div],
drain-to-source voltage of S1 v4s 51:[500 V/div], and drain-to-source voltage
of §3 vgs,51:[500 V/div].

of 0.5 for the given reactive load, while the efficiency is still
maintained above 96% through the sweep of the duty cycles.

Fig. 17 showcases the DM-SST waveforms for the RL load
used in Fig. 16. The output current is lagging the output voltage
by 19.8°, while the input current is lagging the input voltage by
1.7°. The vy, of the primary-side main switch S; and vy of the
secondary-side main switch S5 are also shown operating in the
DMS modulation. The envelop of the vq4s for both the switches
follows the input and output voltages.

In Fig. 18, the experimental waveform of the DM-
SST operating with Vi, =V, = 220 Vs for an RL load of
S, = 767 VAZ21° is shown. In this test, the reactive-power
compensator is enabled with @}, = 0 reference to obtain zero
phase angle of input current. As Qc1 max + Qc2,max > Qo =
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Fig. 18. Experimental result of the reactive-power compensation by DM-
SST for output load of Z, = 62.5 ©2/21° at input voltage = 220 Vs
and output voltage = 220 V., 5. Input voltage v;,,:[200 V/div], output volt-
age v,:[200 V/div], input current i;,,:[5 A/div], and output current ¢,:[5 A/div].
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Fig. 19. Switch waveform of S; and S; showcasing ZVS turn-ON

(a) near the peak and (b) zero crossing of the input voltage. Input voltage
Vin: [200 V/div], output voltage v,: [200 V/div], drain-to-source voltage of
S1 vgs(S1): [200 V/div] and Sy vgs(S4): [200 V/div], and gate-to-source
voltage of S1 vgs(:S1): [20 V/div] and Sy vgs(S4): [20 V/div].

274 VAR, the controller can obtain zero phase angle [;, =
3.4 A/ —0.46°, as also shown in the figure, hence confirming
and validating the reactive-power compensator capability of the
designed DM-SST. The V, tup = 2.68% is measured at the
output port with efficiency n = 96.3%.

Fig. 19 presents the switching waveform of S and Sy while
the DM-SST is operating with the RL load of S, = 767 VA/21°
to validate ZVS turn-ON of all the switches. Fig. 19(a) is captured
near the peak of the input voltage, while Fig. 19(b) is captured
near the zero crossing of the input voltage. As ZVS turn-ON
of the switch is achieved if the vy, of the switch is 0 V when
gate-to-source voltage is applied, both S; and Sy are undergoing
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Fig. 20. Experimental waveform of the DM-SST at V;,, =V, = 220 Vs
and d; = 0.45. (a) Without feedforward R =1 k2. (b) With feedforward no
load. Input voltage v;,,:[200 V/div], output voltage v,:[200 V/div], input current
1in:[10 A/div], and output current i,:[10 A/div].

ZVS turn-ON for both the input voltage cases. The turn-OFF of
S1 and S4 occurs at the instance when gate-to-source voltage
of the switches is removed, which indirectly indicates diode
conduction of Sy and S5 before the removal of the gate signals.
Hence, 53 and S5 are also undergoing ZV'S turn-ON in both cases.

The feedforward-linearization function, as discussed in
Section III-B, helps greatly in the application of linear controller
for output voltage control, especially for low resistive load and
reactive-load condition due to the requirement of highly nonlin-
ear Ay for ac/ac operation. Fig. 20(a) showcases the DM-SST
operation for a very high resistive load (4.5% of the rated power)
using a lead-lag compensator as also used in [30]. The Ay is
scaled and passed through the microcontroller (MCUs) internal
digital-to-analog to capture the real-time value of the Ay. In
Fig. 20(a), the output voltage controllers have limited bandwidth
due to which the output of the controller A, cannot rise or fall
sharply as required for the DM-SST due to which significant
distortion on output voltage (V, tup = 4.46%) is observed near
the zero crossings. At low-load condition, the capacitors along
with high-load resistance on the output side of the HFL serve as
an RC load with R sufficiently high to not discharge the capacitor
Ceq2 completely by the end of the half-line cycle for DMS
modulation. The remnant charge on Cq2, Which needs to be
transferred to the input port, results in deviation of the output
voltage, as shown in the figure.

To demonstrate the effectiveness of the proposed feedforward
controller, the waveforms for the DM-SST operated with no-load
condition are shown in Fig. 20(b). No voltage jumps are observed
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Fig. 21. Derated test of the DM-SST for high inductor load using auto-
transformer connected to an inductor at V;,, = V, = 110 V., 5. Input voltage
Vin:[100 V/div], output voltage v,:[ 100 V/div], input current 7;,,:[5 A/div], and
output current %,:[2 A/div].
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near the zero crossing when the feedforward-linearization func-
tion is used along with PRC for the output voltage control. Ay
is at the maxima ( Ay max) at the start of the half-line cycle
to charge the C.q2, wWhereas A, reaches minima ( Ay max)
near the end of the half-line cycle to discharge the capacitor.
For the no-load operation, V, typ is measured at 3.38%, with
Qin = —138 VAR. The proposed feedforward function also en-
ables the operation of the DM-SST for reactive load, which is
not possible with lead-lag controller alone.

A pure reactive test at the rated input and output voltage
of 220 Vs requires a very large inductor. To facilitate the
validation of the DM-SST for highly reactive load in experiment,
a derated operation is performed at Vi, =V, = 110 V. An
autotransformer rated for 110 Vi, is connected to the output
terminal of the DM-SST whose secondary is connected with the
60 mH inductor to emulate high reactive-load condition. A 500 €2
resistor is also placed in parallel to the inductor, which allows
reasonable linear operation of the setup for the reactive-load test.
Fig. 21 presents the result of the DM-SST for this test. At the
output port, S, = 66 VAZLT74° equivalent to S} = 264 VAL74°
if the DM-SST would have operated at the rated voltages. The
efficiency 1 of 77.8% and V,, tup = 2.34% is measured. The
efficiency is low as most of the energy is being circulated through
the DM-SST to support the reactive power while only 18 W of
real power is delivered. The V, typ is maintained very low even
though the load setup is exhibiting I, tup of 3.62%.

In addition, another derated RL load test was performed
at Vi, =V, =110 Vs to operate the DM-SST out of the
designed bound T'A, as shown in Fig. 10. The tested load is
S, = 217 VAZ30° equivalent to S’ = 868 VAZ30° if the DM-
SST is operated at the rated voltages. As the load is out of bound,
the DM-SST is operated at maximum duty cycle of 0.65 resulting
in measured V, tup = 3.65% and efficiency nn = 95.6%. The
power measurement at the input portis S, = 201 VAZ9°, which
shows some reactive-power absorption but not sufficient to result
in (bin =0°.

VI. CONCLUSION

This article presents a single-stage DM-SST, which allows
wide range reactive-load operation of the ac/ac converter by
using PAC-Cuk dc/dc modules. The PAC-Cuk modules are used
to take advantage of the auxiliary capacitors, which are normally
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used for ZVS operation of the switches. By utilizing the duty
cycles of the switches in the DM-SST, the voltage across the
auxiliary capacitors is controlled that enhances the reactive-
power-handling capability. The absorption capability at the out-
put side reduces the reactive-power transfer burden on the HFL,
increasing the reactive-power-handling capacity of DM-SST.

A closed-form piecewise solution of the power transfer rela-
tion for the PAC-Cuk converter defined for full range of control
parameters (d, da, and Ay) has been developed to analyze the
impact of duty cycle on power transfer capability over a switch-
ing period. Notably, increasing the duty cycles not only boosts
reactive-power absorption but also facilitates higher power trans-
fer through the HFL. In addition, a feedforward-linearization
function has been devised to allow output voltage control for
RL loads. A 1-kVA hardware prototype of the DM-SST is also
designed based on the design guidelines presented in this article.
Simulation and experimental results for various loads are also
provided to validate the proposed work. The designed DM-SST
is shown to operate with output voltage THD below <3% for
wide RL load range without compromising its performance for
pure active load.
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