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Abstract—Variable speed drives (VSDs) operating from the
mains can be realized either with a voltage dc-link (voltage-source
converter, VSC) or, alternatively, with a current dc-link (current-
source converter, CSC), which has received renewed interest
recently due to the availability of monolithic bidirectional GaN
power transistors (M-BDS). Considering equally rated ac-ac VSC
and CSC systems with sinusoidal output voltages (additional L.C
filter for the VSC, inherently present filter capacitors for the CSC),
this paper first derives equivalent dc-dc converter models that
accurately capture the dynamic behavior of the ac-ac converters
and thus advantageously allow for a straightforward design and
analysis of the converter control systems. Detailed experimental
results obtained with realized ac-ac VSC and CSC prototypes
(1.4kW, 200 V line-to-line rms, 600 V GaN monolithic bidirectional
power transistors in the CSC) show very close matching of the
open-loop and the closed-loop behavior with that predicted by
the dc-dc equivalent circuits. Therefore, these circuits are then
utilized to compare the small-signal and large-signal output voltage
control performance of the VSC and the CSC, indicating certain
advantages for the CSC regarding small-signal bandwidth (5 kHz
vs. 1.8 kHz for 72 kHz switching frequency, identical for both
systems) and, in case of the CSC, highlighting the trade-off between
control dynamics (dc-link current kept at the nominal value) and
efficiency (dc-link current adapted to the load). Finally, a case
study considering the time until nominal current is reached
in an exemplary motor at standstill finds mixed comparative
large-signal performance of VSC and CSC; a CSC variant with
the output capacitor selected for equal high-frequency ripple
as the VSC is slower than the VSC (by around 45% for the
considered converter’s specifications) whereas a CSC variant with
the output capacitor selected for equal fundamental-frequency
reactive power consumption as the VSC is faster (by around 40%
for the considered converter’s specifications).

I. INTRODUCTION

Typically, ac-ac variable speed drives (VSDs) are realized
as a back-to-back configuration of an ac-dc rectifier stage
and a dc-ac inverter stage [1]-[3]. The two stages share an
intermediate energy storage element which allows independent
control of the output voltage and frequency with respect to
the grid. This energy storage element can either be a dc-link
capacitor, in which case the system is referred to as a voltage-
source converter (VSC), or a dc-link inductor, resulting in a
current-source converter (CSC).

Over the past few decades, VSCs have become the preferred
choice for low-voltage to medium-voltage VSDs, primarily due
to advancements in Si-based power semiconductor devices such
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as MOSFETs and IGBTs (with an anti-parallel diode). These de-
vices are capable of operating at switching frequencies typically
upto 36kHz (for 600V power semiconductors and/or 400V
dc-link) and are particularly well-suited for VSCs due to their
unipolar voltage blocking and bidirectional current conduction
capability [4]. Wide-bandgap (WBG) power semiconductors,
such as SiC and GaN, enable significantly higher switching
frequencies and improved efficiency of VSDs [5]. However, the
associated steeper slopes of the switched voltage at the inverter
output terminals can adversely impact the lifetime of a motor
as a result of higher common-mode currents flowing via the
bearings, transient overvoltages in case of long motor cables,
and generally increased conducted and radiated electromagnetic
emissions necessitating the use of expensive shielded motor
cables [6]-[8]. These issues can be mitigated by utilizing the
high switching frequencies enabled by WBG devices, which
facilitate the conversion of switched voltages into smooth
sinusoidal waveforms using relatively compact LC output filters
(see Fig. 1a) [5], [9], [10]. Furthermore, the integration of such
an LC filter into the VSD has been demonstrated to enhance the
overall efficiency of the drive system through reduced harmonic
losses in the motor [5].

CSCs, on the other hand, inherently provide smooth output
voltages due to the presence of ac-side filter capacitors
(see Fig. 1b), which effectively buffer the switched current
pulses provided by the CSC switching stage. However, unlike
VSCs, CSCs require switching devices that possess bipolar
voltage blocking and (at least) unidirectional current conduction
capability. If this functionality is realized using standard WBG
power transistors, a CSC requires four times the number of
semiconductor devices compared to a VSC to achieve the
same on-state resistance per switch position (see, e.g., Fig. 14
in [11]). Therefore, there has been ongoing research towards
developing a monolithic bidirectional switch (M-BDS) capable
of blocking both voltage polarities using the same drift region,
which then, for a given on-state resistance, results in about the
same chip area usage as a standard transistor with unipolar
voltage blocking capability [12]-[19]. This research has resulted
in mature GaN M-BDSs [20], which eliminate the above
mentioned disadvantage of CSCs. This breakthrough thus
necessitates new comparisons between CSC and VSC systems,
both employing WBG devices and producing sinusoidal inverter
output voltages.

Although there has been considerable research into the
comparative analyses of CSC and VSC systems, most studies
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Fig. 1. Considered ac-ac (a) VSC and (b) CSC topologies providing sinusoidal output voltages to the load (here represented as a generic impedance Zj ). On
the grid side, a DM EMI filter for compliance with CISPR 11 Class A is indicated, whereas the common-mode (CM) filter is not shown as it is not material
for the targeted analysis of control dynamics. The second stage DM filter is not considered for the control design due to its high cut-off frequency.
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Fig. 2. Equivalent dc-dc model of the symmetric three-phase ac-ac (a) VSC and (b) CSC shown in Fig. 1. The modeling approach is based on ensuring
identical instantaneous power flow and identical stored energy in the reactive elements between the ac-ac circuit and the dc-dc equivalent mode. (¢) and (d)
show the respective linearized dc-dc small-signal equivalent circuits suitable for the derivation of transfer functions.

have focused on system-level efficiency, power density, and
semiconductor performance [21]-[24]. However, there remains
a gap in the literature regarding the comparative analysis of the
control dynamics between the two systems. The limited existing
studies on control dynamics typically analyse VSC systems
without an output LC filter, where VSCs demonstrate superior
control dynamics—such as faster response to step changes in
the output current (motor torque) reference compared to CSCs
[4]. The inclusion of an LC filter at the output of the VSC
inverter stage, however, impacts the dynamic response of VSC
systems.

In this paper, therefore, we conduct a comparative analysis
of the control dynamics between ac-ac VSC and CSC systems,
both of which are designed for similar system efficiencies at the
nominal operating point, have the same switching frequency, a
two-stage differential-mode (DM) EMI filter towards the grid
and most importantly, provide smooth output voltages with
approximately the same switching frequency ripple to the load’,

e., the VSC is equipped with an LC output filter and CSC
inherently features ac-side filter capacitors (see Fig. 1). The

'We consider another case of same capacitive reactive power of the output
filter as well.

detailed comparison of the efficiency and power density of the
ac-ac VSC and CSC systems is provided in [25].

A three-phase system with three balanced sinusoidally time-
varying quantities x,, xp and x. can be transformed into two
constant quantities xq and xq by means of Park transformation,
also widely known as dg-transformation, i.e.,
xa| _ 2| cos(6) xa
xq| 3 |-sin(8)

(1)

where 6 is the reference angle of the rotating dg-coordinate
frame [26]-[29]. This transformation has been widely used
for modeling three-phase converters [28], [30] for control
purposes, as PI controllers can track constant references in
the dg-frame with zero steady-state error. Further, the d-
component xq represents active power flow and xq = O results
for unity power factor. It has been shown that the control
dynamics and the stability of the system can be captured by
the d-component alone as a result of negligible cross-coupling
between the d-component and the g-component [31]. Therefore,
by considering the d-component only, a balanced three-phase
ac-dc converter can be accurately modeled as an equivalent

cos(6 +
—sin(0 + &£

cos(6 —
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TaBLE |
KEY SPECIFICATIONS OF THE CONSIDERED AC-AC CSC AND VSC SYSTEMS.

Parameter Value  Unit
Rated power P, 14 kW
Grid line-to-line rms voltage Ven 200V
Nom. load phase rms current I n 4 A
Nom. load line-to-line rms voltage V|, 200 V
Nom. dc-link voltage (VSC) Ve 400 V
Nom. dc-link current (CSC) Iy 7 A
Dead time for VSC 50 ns
Overlap time for CSC? 50 ns

Note: Capital V denote line-to-line rms voltages, capital
denote phase rms currents and subscript g and 1 denote a grid
and load side quantities respectively.

dc-dc converter with identical power transfer capability, which
effectively captures the control dynamics of the three-phase ac-
dc system [31]-[33]. This simplification enables the application
of dc-dc converter control design techniques to three-phase
ac-dc systems. In this paper, we extend this modeling approach
to ac-ac VSC and CSC systems: Section II presents the
derivation of the dc-dc models for the ac-ac VSC and CSC
systems. The validity of the derived models is confirmed
through experimental verification of open-loop step responses
and frequency responses using two 1.4kW, 200V (line-to-
line rms) GaN-based demonstrator systems with specifications
listed in Tab. I. Upon verifying the accuracy of the derived
dc-dc models, they are employed for the control design of the
ac-ac systems, as detailed in Section III. The designed closed-
loop controllers are experimentally verified using hardware
measurements of ac-ac VSC and CSC systems as well, where
again a good match between ac-ac measurements and dc-dc
equivalent models is found. Finally, Section IV provides a
comparative analysis of the control dynamics of the VSC and
CSC systems, utilizing simulation results of the experimentally
validated dc-dc equivalent models, and Section V provides
concluding remarks.

II. DC-DC MobEeL DERIVATION

Symmetric three-phase ac-dc converters can be represented
as equivalent dc-dc converters to simplify control-related
analyses [31]-[33]. Based on this, to model a balanced three-
phase ac-ac converter as an equivalent dc-dc converter, two
primary conditions are enforced:

o At any given point in time, the instantaneous power
(averaged over a switching cycle) is constant and same
for both systems.

« The stored energy in each equivalent reactive element of
the dc-dc equivalent circuit is equal to the total stored
energy in the corresponding reactive elements of the ac-
ac circuit (the switching frequency ripple components
neglected).

The input ac-dc voltage-source rectifier (VSR) stage of a VSC

can only operate with dc-link voltages v4. that are equal to or
greater than the grid line-to-line voltage amplitude, effectively

2The CSC requires a four-step commutation sequence [34] and an overlap
time of 50ns is used between each step of the commutation sequence.

functioning as a voltage booster. Consequently, this stage is
modeled as a dc-dc boost converter (see Fig. 2a). Conversely,
the output dc-ac voltage-source inverter (VSI) stage switches
the dc-link voltage and can thus only generate line-to-line
voltage amplitudes that are equal to or lower than vqc, thus
being modeled as a dc-dc buck converter.

In a CSC, the input current-source rectifier (CSR) stage can
only operate with a dc-link current ig. equal or greater than
the input phase current amplitude 7, i, thereby functioning
as a current booster and is thus modeled as dc-dc buck
converter (stepping down the voltage but stepping up the current
accordingly due to constant power flow). The output current-
source inverter (CSI) stage, on the other hand, can only produce
output current amplitudes fac,ou[ equal to or lower than the dc-
link current ig., and is therefore modeled as a dc-dc boost
converter, as shown in Fig. 2c.

A. Equivalent DC-DC Model Derivation

The derivation of dc-dc model begins with the scaling of the
reactive elements on the ac-side®. In a balanced three-phase
system with an open neutral point, the current flowing through
one phase returns via the other two phases (in each 60° wide
interval of the fundamental period, where one phase current is
assumed to be positive and the other two negative). Therefore,
to derive the equivalent filter components for the dc-dc model,
it is logical to consider the effective reactive elements on the
ac side as a series connection of one phase component with the
parallel combination of the remaining two phase components.
Assuming the three phase inductors and capacitors have the
same values, respectively, this leads to

3 2

Leqx = = Ldmx, Ceqx = = Cdmx,
3 2

Lgq1 = ELDMls Cgq1 = §CDMls

where, x€ [1,2], Lami> Lam2, Cam1 and Cgmp are the first and
second stage grid-side DM filter components of the ac-dc VSR
and CSR stage (see Fig. 1) and Leq1, Leq2, Ceqr and Ceqp are
the equivalent filter components at the input side of the dc-dc
model (see Fig. 2ac). Lpy; is the output filter inductor of
the VSI stage, Cpmi the output filter capacitor of the VSI or
the CSI stage (see Fig. 1) and Lgqi, Crq:i the corresponding
equivalent filter elements at the output of the dc-dc models
(see Fig. 2ac). It is important to note that with this scaling,
the filter resonant frequencies of the three-phase ac-ac system
and the equivalent dc-dc model are identical. Similarly, all
other inductors, capacitors, and resistors on the ac-side can be
appropriately scaled for the equivalent dc-dc model, e.g., the
symmetric three-phase load impedance Z; .

To ensure that the stored energy in equivalent elements of
the dc-dc models correspond to that of the ac-side reactive

3Note that only the DM filter components are relevant for control consider-
ations; hence the CM filter components are ignored.
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elements of the ac-ac circuits, the following relationships must
hold for the equivalent dc voltages and currents, e.g.,

1 2 1 2
ELqu “eq2 = 5Ldm2 : Z "Ldm2,x
x=a,b,c

) ) | ) 3)
Eceq2 “Veeq2 = 5Cdm2 ' Z Vedm2,x>

x=a,b,c

where iLgmp,x represents the current through Lgm> and voame x
is the voltage across Cyqmp for phase x (x€[a,b,c]). The variables
iLeqz and vceqz denote the current through L.y and voltage
across Ceqy in the equivalent dc-dc model, respectively. The
energy equivalence expressed in (3) is applied consistently to
all the reactive elements on both, the input and output sides.
By applying this principle along with the scaling relationship
in (2), we find

w

A

N
leq,in = lac,in»  Veq,in = 5 Vac,in»

N 3

. o A
leg,out = lac,outs  Veq,out = z ac,outs

\S]

“4)

where, facin and fcou are the amplitudes of the input grid
and output load phase currents, respectively, and ¥, in and
Vac,out are the amplitudes of the input grid and output load
phase-to-neutral voltages in the three-phase ac-ac system. The
terms Zeq,in» feg,outs Veq,in aNd Veq,our Tepresent the input source
and output load dc currents and dc voltages in the equivalent
dc-dc model. Note that according to (4), the input and output
powers of the ac-ac system and the equivalent dc-dc model are
identical.

The dc-link components and associated quantities, including
the dc-link capacitor Cq. and the dc-link voltage v4. of ac-
ac VSC, as well as the dc-link inductor Lg4. and the dc-link
current ig. of the CSC remain unchanged in the equivalent
dc-dc model.* Ultimately, the three-phase two-level switching
stages of the ac-ac VSC and CSC systems are modeled with a
basic half-bridge configuration, which leads to the equivalent
dc-dc converter models of Fig. 2a for the VSC and Fig. 2b
for the CSC.

B. Linearization of the DC-DC Models

The obtained dc-dc models are averaged using state-space
averaging according to [35], and subsequently linearized around
a specific operating point. This facilitates the application of
linear circuit analysis and the calculation of system transfer
functions, which are important for the design of closed-loop
control systems. The resulting linearized models are depicted
in Fig. 2b for the VSC dc-dc equivalent model and in Fig. 2d
for the CSC dc-dc equivalent model.

4The dc-link inductor, Lgc, of the CSC is often split into two parts in practical
realizations (including the demonstrator system used here, see Fig. 14), i.e.,
Lgc/2 in the positive and Lg./2 in the negative dc rail, to achieve a symmetrical
arrangement and suppress common-mode EMI noise. However, this splitting
does not affect the control dynamics compared to using a single inductor.
Therefore, for simplicity, a single Ly is depicted in the ac-ac CSC topology
of Fig. 1b and the equivalent dc-dc models of Fig. 2bd.

(40V/div)

,\160 —— Sim. de-dc__ — Meas. dC:lC[

Z 501

=% 60 v

40 8 185 19 275 28 285 29
Time (ms) Time (ms)

Fig. 3. Measured open-loop response of the dc-ac VSI prototype for 400 V dc-
link voltage and a resistive load of 29 2: the VSI modulation index mys; steps
from mygy = 0.44 to myg; = 0.29 and back again, resulting in the targeted
peak load current values of 2 A and 3 A, respectively. The zoomed views show
the close match of measured amplitudes (obtained via dg-transformation) and
the simulated dc-dc model output voltage response (scaled according to (4))
to corresponding steps in the duty cycle dou,vsc-
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Fig. 4. Measured open-loop frequency response of the output voltage with
respect to the modulation index of the dc-ac VSI stage, i.e., ¥ ac,out (s)/miyg (s),
for 400V dc-link voltage, a 29 load resistance, and mys; = 0.41 =
0.01 sin(wperwrb - ) corresponding to a steady-state operating point with
2 A rms output current. The simulated (PLECS ac sweep) frequency response
of the dc-dc equivalent model output voltage to a corresponding perturbation
of the duty cycle doy,vsc shows a close match, as does the transfer function
analytically derived from the dc-dc model.

C. Experimental Validation

The derived dc-dc models and their corresponding small-
signal models are validated by comparing their simulated open-
loop step and frequency responses against ac-ac hardware
measurements. Specifically, the transfer function from the mod-
ulation index of the output stage to the system output voltage
is considered. The details of the two hardware prototypes
with specifications according to Tab. I are described in [23],
[25]. Tab. II summarizes the values of the relevant passive
components. For the experimental validation, the ac-ac VSC
utilizes the standard symmetrical sinusoidal PWM (SPWM),
the ac-ac CSC utilzes the well-known space vector modulation
(SVM) while the equivalent dc-dc models for both the VSC
and the CSC utilize SPWM.
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TasLE II
KEY comPONENTS OF THE AC-AC VSC AND CSC HARDWARE PROTOTYPES USED
FOR THE VALIDATION OF THE DC-DC MODELS.

Parameter Value  Unit
Switching Frequency  fi 72  kHz
VSC
18 DM ind. Lami» Lomi 291 uH
1 DM cap. Cam1, Cpmi 1.8 pF
27 DM ind. Lam> 22 uH
274 DM cap. Cam2 36 pF
dc-link cap. Cye 16 pF
CSC
1% DM ind. Lgm1 220 pH
C 3.6 F
st dml n
1% DM cap. Comi 326 F
27d DM ind. Lam> 33 uH
20 DM cap. Cam2 1.8 pF
dc-link ind. Lgc 1.2 mH

1) VSC: For the VSC hardware, operating VSR in open-loop
i.e., without closed-loop control of the grid-side phase inductor
currents, can lead to excessively high and potentially damaging
grid-frequency currents unless the inductor voltage is precisely
controlled, which is challenging to achieve. Therefore, only the
VSI stage and the corresponding load-side equivalent dc-dc
model (i.e. the equivalent buck converter stage of Fig. 2a), with
the nominal 400 V dc-source voltage vq4. applied to the dc-link
capacitor, is considered for the open-loop step and frequency
response verification; in Section III, the complete dc-dc model
for the ac-ac VSC system is further validated under closed-loop
control.

Fig. 3 illustrates the open-loop step response of the dc-ac VSI
hardware prototype for a step change in the modulation index

mysy = \9ac,0ut/(0.5 - vge) from mysr = 0.29 to mysy = 0.44.

The step size is selected such that with a constant (nominal)
resistive load of 29 (2, the output peak current increases from
2 A to 3 A (corresponding to an increase of the output voltage
amplitude from 58V to 87 V).

To facilitate a one-to-one comparison of the measurement
results with the equivalent dc-dc model simulations, the duty
cycle dout,vsc = Veq,out/Vde of the VSC de-dc model buck stage
must be scaled as

dout,vsc = 7 st )

based on the calculation of mygy and the relation of veq ou
and Pac our according to (4). Note that a similar relationship
exists between the VSR stage modulation index mvysr and the
input boost stage duty cycle diy vsc, i.€, din,vsc = % - MVySR,
where mvysr = Vac.in/(0.5-v4c) and din = veq,in/vdcs. According
to (2), (4) and (5), the selected step of mysy from 0.29 to
0.44 corresponds to the duty cycle from doy,vsc = 0.22
to dou,vsc = 0.33 and to an output dc current and output
dc voltage step between 2A to 3A and between 87V to

SNote that the duty cycle for the boost stage i.e., for the dc-dc equivalent of
VSR and of CSI, is indicated for the upper switch, as opposed to the low-side
switch (see Fig. 2ac) as commonly used for a boost converter. This is done to
directly relate the duty cycle of the dc-dc stages with the modulation indices
of the three-phase system.
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Fig. 5. Measured open-loop response of the ac-ac CSC prototype for 200 V
(line-to-line rms) input voltage and a resistive load of 29 Q: For a fixed CSR
modulation index of mcsr = 0.35, the CSI modulation index mcsy steps
from mcsy = 0.65 to mcsy = 0.98 and back again, resulting in the targeted
load current values of 2 A and 3 A, respectively. (a) shows output and dc-link
quantities and (b) shows input quantities. In both cases, the zoomed views
show the close match of measured output voltage and input current amplitudes
(obtained via dg-transformation) and the simulated dc-dc model’s dc output
voltage and dc input current responses to corresponding steps in the duty cycle
dout,csc- Similarly, close correspondence is also found between measured and
simulated dc-link current responses.

130.5V, respectively. The simulated step response is then,
scaled down according to (4) to allow a direct comparison
with the amplitudes extracted from the hardware measurement
via dg-transformation. The zoomed-in view of the step-up and
step-down responses shown in Fig. 3 demonstrates a very close
match between the amplitude calculated from the measured
three-phase load voltages and the dc voltage output of the
equivalent dc-dc model.

Further, Fig. 4 presents the measured frequency response of
the output voltage 9, . (s) with respect to the VSI modulation
index myq;(s) for 400V dc-link voltage, output rms current of
2 A and a resistive load of 29 €. To obtain the measurements, a
small signal perturbation of 0.01 sin(wperwrb-f) is superimposed
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