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Abstract—Recent trends in power system design such as an
increasing share of renewable energy sources and integration
of power electronics equipment for medium voltage applica-
tions are creating different subsystem interactions that require
proper investigation, understanding, description, and estimation
of global system stability through impedance-admittance mea-
surements and identification. Four-quadrant Cascaded H-Bridge
topology features high output voltage resolution and high effective
switching frequency which enables high-dynamic, high-fidelity
voltage perturbation injection for medium voltage impedance
measurement. This paper assesses the impact that the active
element on the input side has on the output side, where the
injection of the perturbation signal is realized. Models of the
input and output element are developed as well as the model of
the connected system. To validate the theoretical developments,
a new method to measure the single-phase output dynamics in
the dq-frame is proposed and the measurement is performed
using offline and real-time simulations on a hardware-in-the-loop
platform.

Index Terms—dq-frame, measurement, modelling, single-
phase, source-affected,

I. INTRODUCTION

The rapid increase in energy demand in combination with
advances in the field of power electronics has led to the
deployment of renewable energy systems as well as broader
installation of power conversion devices. This trend has sub-
sequently led to a change in power network behaviour that
is becoming increasingly complex. Due to the complexity of
the installations, it becomes more challenging to model the
system and predict possible instabilities that arise as a result
of the interaction of different elements in the grid [1], [2].
Early identification and characterization of the present system
and its future potential components would reduce the risk
of encountering unpredictable behavior which would, in turn,
provide a stable network with uninterrupted operation. Some
of the criteria used to assess the stability are presented in
[3] and they rely either on analysing the minor-loop gain or
the passivity of the system. Whatever the criteria are, the
knowledge of the impedance of the network being analysed
is required.

The topic of low voltage (LV) impedance / admittance
measurement has already been treated in different publications.
The authors of [4] have presented an overview of different
measurement techniques based in the frequency domain, with
different proposals on the practical implementations of pertur-

bation injection converters (PICs) whereas the measurements
based on wideband signal injection were presented in [5],
[6]. In general, impedance measurement in low-power and LV
ranges for the design of power supplies is a mature and well-
established technology. Devices capable of operating at 1 kV
and up to power rating of 200 kVA are present in the form of
grid emulators, which are well suited for perturbing systems as
they are capable of outputting an external waveform reference.

On the other hand, the problem of high-power and medium
voltage (MV) impedance/admittance measurement and system
identification had not yet been fully resolved. Such measure-
ments in MV applications are not straightforward as there is
a need for a device capable of operating at an MV level and
injecting a perturbation into an MV system. At the same time
having wide measurement bandwidth is sought after which is
not easily achieved at MV level. The research performed in this
field is scarce and the devices developed for that purpose are
few. Medium voltage impedance / admittance estimators that
exist today have been presented in [7]–[10]. These solutions
have either limited bandwidth, up to 1 kHz or feature an
output side transformer in order to step-up the voltage to the
MV levels. This in turn also limits the bandwidth. Still, the
demand for such equipment is growing due to the need to
support the development of recent medium voltage dc (MVdc)
and medium voltage ac (MVac) applications, grid integration
of renewable energy sources and storage devices, energy
transmission and distribution in the MV range [11]–[13] and
assure safe integration with the existing apparatus.

One of the topologies capable of having sufficiently high
voltage output and bandwidth is based on Cascaded H-Bridge
(CHB) with an active input element interfaced to a multi-
winding transformer (MWT), which was already presented in
[14], where the feasibility of using a multilevel topology for
perturbation injection was studied. The topology consists of
step-down MV–MWT with 15 secondary phase-shifted outputs
permitting to stack up to 5 cells per phase and thus effectively
increase the output voltage levels and switching frequency
allowing higher frequency voltage perturbation injection and
impedance measurement. As a matter of fact, the presence of
the MWT on the input side is one of the advantages of this
topology. Having the MWT at the input means that there is no
need to have a step-up transformer on the output side to elevate
the voltage to MV level. As a result, the output stage high-
frequency bandwidth is not limited by the output transformer.
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Phase leg

MV CHB

Fig. 1. Cascaded H-bridge topology for high dynamic medium-voltage
perturbation injection and impedance measurement.

The CHB cells outputs are interfaced to a three-phase LC-
type filter on which the voltage output is controlled. A single
cell of the CHB converter is presented in Fig. 2. It consists of
an Active Front End (AFE) as the input conversion stage and
an H-bridge (HB) inverter as the output conversion stage. It
is taken as an assumption that the dynamics of a single-phase
leg consisting of five cells can be represented by the dynamics
of one cell, which is why the cell in Fig. 2 is represented with
an LC-type filter at the output.

The initial study on the feasibility of this solution was
performed in [14], where there was a need to superimpose
a high-frequency small-signal in addition to the fundamental
component. When this is performed in a closed-loop, there
exist possible interactions of synchronization and closed con-
trol loops of AFE and HB. Our work seeks to reveal if the
presence of an active input element, such as AFE, impacts the
dynamics of the output element, the HB and subsequently the
cascaded connection of multiple HBs.

The motivation for this is that for precise injection of
perturbation signal into the device under test (DUT), one needs
to ensure that the input side of the CHB does not in any
way limit the output and that there are no other frequency
components present that may impact the measurements. The
methodology to respond to this question puts to use the state-
space modelling and presents the model of the cell in the
dq-frame. To confirm the model there needs to exist a method
to measure the single-phase characteristics and represent them
in dq-frame, which is also covered in this work.

Main novelty of the paper is:
1) Investigation of source-load interactions between the

three-phase AFE and single-phase HB in the context of
a MV-CHB converter.

2) Modelling of a single-phase HB inverter in the dq-frame
reinforced by modelling the quadrature signal generator
(QSG) in the dq-frame, as well.

3) Use of wideband PRBS signal for perturbation injection
and measurements. So far, in the context of single-phase
dq-frame measurements, to the knowledge of authors,

only the single-tone signals have been used.
4) Investigation of feasibility of a MV-CHB converter em-

ployed as a perturbation injection device for medium-
voltage impedance/admittance measurement.

The rest of the paper is organised as follows. Section II
describes the main features of a single cell of the CHB
converter. Section III provides the state-space model of the
cell in the dq-frame. Section IV characterizes the source-
affected dynamics of the cell output. Section V proposed a
new method for measuring control-to-output characteristics
in dq-frame that makes use of single-phase measurements
together with a wideband pseudo-random binary sequence
(PRBS) signal. Section VI presents results and a practical
application of measuring an input impedance of a MV grid-
connected converter. Finally, Section VII concludes the work.

II. CASCADED H-BRIDGE CELL

The MWT (c.f. Fig. 1) supplies three-phase isolated voltages
from its secondary, low-voltage side to the cell. Isolated
three-phase supply makes the cells and the dc-links largely
independent from each other [15]. The input filter of the
cell is the L-type filter with its parasitic resistance, which
can be realized as a discrete inductor or through leakage
inductance of the MWT [16]. The rectification of the input
voltage is performed by the three-phase AFE switching at
f AFE

sw = 10 kHz. The supply voltage is rectified to 1.2 kV at the
dc-link. The dc-link serves as an energy buffer from which the
output stage, a single-phase HB, switching at f HB

sw = 20 kHz
is supposed to inject perturbation voltages, through an LC-
type filter into an unknown network or DUT. The output
stage is a SiC based one, thus enabling such high switching
frequency. The AFE control system comprises a PLL that
performs synchronisation, as it is essentially a grid-connected
converter through the MWT [16]. Apart from this, it also
performs the cascaded control of the dc-link voltage through
the input current control. On the output side, the HB performs
cascaded control of its output voltage through the control of
the filter inductor current.

Ideally, for the best possible impedance identification of
the DUT, the output stage should be completely decoupled
from the input one and the presence of the active element
with its control should not be a limiting factor for impedance
measurement.

III. SINGLE CELL MODELLING

A. Active Front End Modelling

Closed-loop modelling of the AFE follows the state-space
modelling approach outlined in [17], [18] and the interme-
diate developments are not given in this work, but only the
final open-loop and closed-loop models in the Synchronous
Reference Frame (SRF) are presented. State-variables of the
model are the input current ig and output voltage vdc, which
are also the output variables. Input variables are the supply
voltage vg , load current on the dc side idc and the duty cycle
dAFE. State-space averaged model is presented in Eq. (1), where
Vdc, DAFE

d , DAFE
q , Igd and Igq are steady-state values of dc-link
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Fig. 2. Three-phase supplied Active Front End (AFE) interfaced to single phase inverter with an LC filter.

Fig. 3. Ideal three-phase AFE feeding a dc load, CHB in reality, and being
supplied from the secondaries of the MWT.

voltage with duty cycles and currents represented in dq-frame.
To obtain the open-loop dynamics the model in Eq. (1) can
be solved using

G = C(sI−A)
−1

B + D (2)

The open-loop dynamics is represented using[̃
ig,dq

ṽdc

]
=

[
Yin,o Gio,o Gci,o

Toi,o −Zout,o Gco,o

]ṽg,dq

ĩdc

d̃dq

 (3)

The direct link between the AFE and HB is the output
impedance of the AFE and thus is the element that could
influence the dynamics of the HB. For this reason, the next
important step is to find the closed-loop output impedance of
the AFE. The closed-loop the AFE is controlled in cascaded
manner, with the inner loop being the input current control
using proportional integral (PI) controllers in the SRF and the
outer controller being the dc-link voltage PI controller [19].
Under the current control loop closed, the output impedance
is given as

Zgcc
out,cl = −Zout,o + Gco,o

(
Gdec −Gi

PI

)
HiG

gcc
io,cl (4)

where

Ggcc
io,cl =

[
I−Gci,o

(
Gi

PI −Gdec

)
Hi

]−1
Gio,o (5)

Under the dc-link voltage control closed the output impedance
is given as

Zdvc
out,cl = −

(
I + Ggcc

co,clG
v
PIHv

)−1

Zgcc
out,cl (6)

TABLE I: Model parameters

Pin = 36 kW vdc = 1.2 kV

vg,d = 580 V fg = 50 Hz

vg,q = 0 V Lg = 5.4 mH

ig,d = 41.5 A Rg = 10 mΩ

ig,q = 0 A Cdc = 5 mF

Kp,gcc = 18 Ki,gcc = 33

Kp,dvc = 1.4 Ki,dvc = 192

where Gdec, Gi
PI and Gv

PI are the current controller decou-
pling matrix, current controller PI regulator and voltage con-
troller PI regulator, respectively, while matrices H are current
and voltage transducer matrices, all given in the Appendix.
Parameters given in Table I represent the steady-state voltages
and currents in dq-frame, dc-link voltage, nominal input,
and switching frequencies, input filter values and controller
gains. The controller gains were tuned using Magnitude and
Symmetrical optimum. For this application this tuning method
suffices, but since the control implemented is a cascaded PI
control more sophisticated methods can also be used [20]. The
AFE with these parameters was simulated in PLECS and its
analytical output impedance from Eq. (6) was compared to the
impedance obtained from the frequency response. The result
is presented in Fig. 4 and it shows a good match. Several
things can be noted in the impedance shape. The impedance
magnitude has a low value in the low-frequency range due
to a high gain of the controller in the same region. The
breaking point at 35 Hz where the impedance has almost unity
gain is the closed-loop dc-link control bandwidth. The dip
in the characteristics around 100 Hz is due to the presence
of the 100 Hz notch filter used to filter out dc-link voltage
measurement in the case where the HB would be connected
on the output side of the AFE, thus single-phase power
variation at double frequency would appear. After this point
the impedance magnitude falls at a rate −20 dB/dec which is
caused by the dc-link capacitor influence.

B. Single-Phase HB Inverter Modelling
The single-phase inverter is required to inject perturbations

into a DUT, which is why its output voltage control needs to
be independent of the input rectification stage. To this end,
the focus of this section will be the modelling of the single-
phase inverter closed-loop control-to-output transfer function.
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ĩgq
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Fig. 4. Output, dc side, impedance of the AFE under the input current and
output voltage control loops closed.

Fig. 5. HB with an output LC filter.

In order to find the closed-loop model, first, the open-loop
model and dynamics have to be defined and solved. As the
dc-link voltage control is performed on the AFE side, the
inverter input is initially treated as an ideal voltage source
(c.f. Fig. 5). The inverter output is stage is an LC-type filter
and the load is considered to be an ideal current source (or
sink). Even though the output stage is a single-phase one, the
modelling is performed in the dq-frame [21]. Taking this into
account, the Clarke and Park transformations cannot be applied
immediately and the development is somewhat different. The
main difference comes from the fact that a quadrature signal
generator (QSG) is used to create an orthogonal signal to
the single-phase voltages and currents measured. To create
the orthogonal signal the second-order generalized integrator
(SOGI)-QSG is used. The SOGI transfer function matrix is

given as:

HSOGI =

[
KSωss

s2+KSωss+ωs
2 0

0 KSωss
s2+KSωss+ωs

2

]

=

[
HSOGI (s) 0

0 HSOGI (s)

] (7)

As the SOGI transfer function matrix is defined as presented
in Eq. (7) in αβ-frame, there is a need to represent it in the
dq-frame. A similar development was already performed in
[21] with the difference that the Park transformations were not
defined in the same way as in this work, where the difference
was in the orientation of d and q axes. Nevertheless, the final
result of SOGI modelling in dq-frame is given as

Hdq
SOGI =

[
A (s) −B (s)

B (s) A (s)

]
(8)

where

A (s) =
1

2
[HSOGI (s+ jωs) +HSOGI (s− jωs)]

B (s) =
j

2
[HSOGI (s+ jωs)−HSOGI (s− jωs)]

(9)

More detailed derivation of the matrix Eq. (8) is given in
Appendix. Apart from these remarks, the modelling process
follows the same approach as the modelling of AFE. Input
variables are considered to be the input voltage vdc and the
load current io. State variables are filter inductor current and
capacitor voltage, iL and vC, which are also output variable
alongside with the current on the dc-side, idc

L . The load voltage
is essentially the filter capacitor voltage. The control variable is
the duty cycle dHB. The state-space averaged open-loop model
is given in Eq. (10). The open-loop dynamics can be solved
using Eq. (2) and is represented by Eq. (11). ĩL,dq

ṽC,dq

ĩdc
L

 =

GiL,o ToL,o GcL,o

GiC,o Zout,o Gco,o

Yin,o Toi,o Gci,o



ṽdc

ĩo,dq

ṽ?C,dq

 (11)

More detailed derivation of the matrix Eq. (8) is given in
Appendix. Apart from these remarks, the modelling process
follows the same approach as the modelling of AFE. Input
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ĩLd

ĩLq
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ωs − 1
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0
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0
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A
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ṽCd
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DHB
d DHB
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(10)

Fig. 6. Closed-loop dynamics of the HB inverter with cascaded inductor
current and capacitor voltage control.

variables are considered to be the input voltage vdc and the
load current io. State variables are filter inductor current and
capacitor voltage, iL and vC, which are also output variable
alongside with the current on the dc-side, idc

L . The load voltage
is essentially the filter capacitor voltage. The control variable is
the duty cycle dHB. The state-space averaged open-loop model
is given in Eq. (10). The open-loop dynamics can be solved
using Eq. (2) and is represented by Eq. (11).

Glcc
co,cl = Gco,o

×
[
I−Gdel

(
Gi

PI −Gi
dec

)
Hdq

SOGIHiGcL,o

]−1

Gi
PI

(12)

In the same manner the control-to-output transfer function
under the output voltage closed-loop control is given as

Gcvc
co,cl = Glcc

co,cl

×
[
I− (Gv

PI −Gv
dec)Hdq

SOGIHvG
lcc
co,cl

]−1

Gv
PI

(13)

where Gi
dec, Gv

dec, Gi
PI and Gv

PI are the current and voltage
controller decoupling matrices and current and voltage PI

Fig. 7. HB with an output LC filter and internal source impedance that is
effectively the output impedance of the AFE.

regulators respectively, while matrices H are current and
voltage transducer matrices that take into an account the
presence of SOGI and Gdel is the matrix that models the
PWM update delay, all given in the Appendix. The closed-
loop model of the single-phase inverter in dq-frame is given
in Fig. 6 which also represents the output side dynamics. Real-
time hardware-in-the-loop (HIL) simulations in the following
sections will provide the model verification.

IV. SOURCE-AFFECTED DYNAMICS CHARACTERIZATION

In Section III-B it was stated that the dc-link voltage source
is ideal with respect to the fact that the voltage was controlled
on the AFE side. However, in practice the control loops do not
have infinite bandwidth and as such the voltage source cannot
be considered ideal. This means that the source contains a non-
zero finite internal impedance which is the closed-loop output
impedance Zdvc

out,cl of the active input element, i.e. the AFE
(cf. Fig. 7). From Fig. 7 the dc-side current of the inverter can
be defined as

iLdc =
vS

dc − vdc

Zdvc
out,cl

(14)

Where vS
dc is the dc-link voltage controlled by the AFE control

system. As a reminder, closed loop dynamics of the HB is
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given as ĩL,dq

ṽC,dq

ĩdc
L

 =

Gcvc
iL,cl Tcvc

oL,cl Gcvc
cL,cl

Gcvc
iC,cl Zcvc

out,cl Gcvc
co,cl

Y cvc
in,cl Tcvc

oi,cl Gcvc
ci,cl


 ṽdc

ĩo,dq

ṽ?C,dq

 (15)

From Eq. (15) the iLdc can be obtained as

iLdc = Y cvc
in,clvdc + Gcvc

ci,clṽ
?
C,dq + Tcvc

oi,cl̃io,dq (16)

Plugging Eq. (14) into Eq. (16) gives the vS
dc expressed in

terms of vdc as

ṽdc =
ṽS

dc − Zdvc
out,clG

cvc
ci,clṽ

?
C,dq − Zdvc

out,clT
cvc
oi,cl ĩo,dq

1 + Zdvc
out,clY

cvc
in,cl

(17)

Replacing ṽdc in Eq. (15) by Eq. (17) gives the model of the
closed-loop source affected dynamics in Eq. (18).

V. SINGLE-PHASE MEASUREMENTS IN dq-FRAME

The control-to-output characteristics Gcvc
co,clof the inverter

in the dq-frame is a small-signal characteristic at the dc level
while the actual single-phase system is an ac system and as
such the characteristics cannot be directly measured in the dq-
frame. Instead, an approach in which the measurements from
a single-phase system are transferred into a dq-frame needs to
be devised. For this purpose, a measurement and verification
process based on creating two orthogonal systems is used.

A. Control-to-Output Characteristics

The Gcvc
co,cl is defined as[

ṽCd

ṽCq

]
= Gcvc

co,cl

[
ṽ?Cd

ṽ?Cq

]
(19)

To extract the frequency response of Gcvc
co,cl, the process needs

to be perform with two sets of voltage measurements, and thus
it can be uniquely determined. Gcvc

co,cl can be calculated as

Gcvc
co,cl =

[
ṽCd,1 ṽCd,2

ṽCq,1 ṽCq,2

][
ṽ?Cd,1 ṽ?Cd,2

ṽ?Cq,1 ṽ?Cd,2

]−1

(20)

Moreover, [ṽCd,1, ṽCq,1] and [ṽCd,2, ṽCq,2] are linearly inde-
pendent as well as

[
ṽ?Cd,1, ṽ

?
Cq,1

]
and

[
ṽ?Cd,2, ṽ

?
Cq,2

]
. The

perturbation can be injected directly in the reference voltage
ṽ?C,dq in the control system, but the response can only be
measured on the inverter terminals in the single-phase system.

B. Wideband Perturbation Injection

Widely popular method in impedance/admittance measure-
ments is the sine sweep, which requires one by one frequency
small-signal perturbation injection and collection of response,
thus requiring large number of measurements and time to be
executed. If the measurement time is too long, the measured
object may as well be disturbed and change its operating
point and subsequently the impedance or admittance would
change. This is somewhat improved with multi-tone signals
but the energy of this signal is reduced with the number of
tones it consists of. Recently PRBS signals (c.f. Fig. 8) have

seen substantial use for system identification and impedance
measurement [22]–[24]. The advantage of these signals lies
in the fact that they are well suited for the characterization
of dynamics systems where rapid measurement is necessary
due to the possibility of variation of the system state in time.
What is common for measurements in [22]–[24] is that they
are performed in dc or three-phase ac systems after which the
results are represented in dq-frame even though they represent
ac measurements. Here, a method that employs the wideband
PRBS signal for the control-to-output characteristics of a
single-phase inverter in the dq-frame is presented. Measure-
ment process of Gcvc

co,cl requires two perturbation injections
and two measurement sets. First perturbation is injected into
the d-axis voltage reference, while the q-axis perturbation is
kept at zero value. For the second injection, the opposite holds.
Thus the perturbation matrix P (t) in the dq-frame is designed
as

P (t) =

[
vpd,1 vpd,2

vpq,1 vpq,2

]
=

[
p (t) 0

0 p (t)

]
(21)

where the p (t) is the PRBS signal in time domain, and the
perturbation is injected into the voltage reference ṽ?C,dq.

The idea behind the single-phase measurement of Gcvc
co,cl in

dq-frame lies in measuring the response of two systems, one
original and one orthogonal to it. For the original system, the
Park transform and its inverse are given as:

TΘ =

[
cos θs sin θs

− sin θs cos θs

]

T−1
Θ =

[
cos θs − sin θs

sin θs cos θs

] (22)

While for the orthogonal system all the transformations and
its inverse in the control algorithm are rotated by π

2 and are
given as:

TΘ =

[
cos (θs − π

2 ) sin (θs − π
2 )

− sin (θs − π
2 ) cos (θs − π

2 )

]

=

[
sin θs − cos θs

cos θs sin θs

]

T
−1

Θ =

[
sin θs cos θs

− cos θs sin θs

] (23)

where θs = ωst. For this approach to be possible it is
considered that one has the access to the control system,
to which the authors of this work as the system designers
have, since the ultimate goal is to build an MV–CHB for per-
turbation injection and impedance/admittance measurement.
After injecting the perturbation and measuring the output
voltages, the original system will provide the voltage vC,α,
while the orthogonal one will provide vC,β . The two voltage
measurements are then combined and transformed into their
dq-frame counterparts, thus effectively providing a way to
perform single-phase measurements in dq-frame. Once the
measurements are obtained one needs to extract the frequency
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 ĩL,dq

ṽC,dq

ĩdc
L

 =

Gcvc
iL,cl Tcvc

oL,cl Gcvc
cL,cl

Gcvc
iC,cl Zcvc

out,cl Gcvc
co,cl

Y cvc
in,cl Tcvc

oi,cl Gcvc
ci,cl




I
1+Zdvc

out,clY
cvc
in,cl

−Zdvc
out,clT

cvc
oi,cl

1+Zdvc
out,clY

cvc
in,cl

−Zdvc
out,clG

cvc
ci,cl

1+Zdvc
out,clY

cvc
in,cl

0 0 I

0 I 0


 ṽS

dc

ĩo,dq

ṽ?C,dq


 ĩL,dq

ṽC,dq

ĩdc
L

 =


Gcvc

iL,cl

1+Zdvc
out,clY

cvc
in,cl

Tcvc
oL,cl −

Gcvc
iL,clZ

dvc
out,clT

cvc
oi,cl

1+Zdvc
out,clY

cvc
in,cl

Gcvc
cL,cl −

Gcvc
iL,clZ

dvc
out,clG

cvc
ci,cl

1+Zdvc
out,clY

cvc
in,cl

Gcvc
iC,cl

1+Zdvc
out,clY

cvc
in,cl

Zcvc
out,cl −

Gcvc
iL,clZ

dvc
out,clT

cvc
oi,cl

1+Zdvc
out,clY

cvc
in,cl

Gcvc
co,cl −

Gcvc
iC,clZ

dvc
out,clG

cvc
ci,cl

1+Zdvc
out,clY

cvc
in,cl

Y cvc
in,cl

1+Zdvc
out,clY

cvc
in,cl

Tcvc
oi,cl

1+Zdvc
out,clY

cvc
in,cl

Gcvc
ci,cl

1+Zdvc
out,clY

cvc
in,cl



ṽS

dc

ĩo,dq

ṽ?C,dq


(18)
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Fig. 8. PRBS-12 signal in time and frequency domain

Fig. 9. Shift register circuit for PRBS generation

spectrum of the measurements and the perturbation signal
using Fast Fourier Transform (FFT) algorithm upon which the
equation Eq. (20) can be applied.

C. Hardware-in-the-Loop Measurement Setup

For the purposes of obtaining trustworthy results that would
support mathematical modelling and offline simulations, real-
time HIL system is created. The physical system is presented
in Fig. 10. To main parts of the system are the RT Box
real-time simulator and the TMS320F28069 MCU. Models
presented in Figs. 2 and 5 are implemented in the RT Box and
are used to simulate the converter structures in real-time. The
grid synchronization and control of the models is deployed on
the MCU as well as the perturbation signal that is injected in
the output voltage reference. The signal was generated by a 12-
bit-length shift register resulting in 4095-bit-long PRBS signal.
The sequence was generated at 5 kHz generation frequency
which sets the injection time at 0.819 s. Only one sequence
was injected due to the limitations in capturing the signals
inside the RT Box and in order to avoid using an external

TABLE II: HB inverter parameters

vC,d = 600 V fo = 50 Hz

vC,q = 0 V Lf = 1.4 mH

io,d = 60 A Rf = 100 mΩ

io,q = 0 A Cf = 24 µH

Kp,lcc = 2.5 Ki,lcc = 5

Kp,cvc = 1 Ki,cvc = 52

TABLE III: MV active rectifier parameters

Pnom = 50− 500 kW vout = 10 kV

vin,l−l,rms = 5.7 kV fs = 50 Hz

Lin = 10 mH Rin = 10 mΩ

Cout = 40 mF fsw = 5− 20 kHz

Kp,cc = 17− 67 Ki,cc = 83− 334

Kp,vc = 6− 22 Ki,vc = 386− 6173

acquisition system that would require additional scaling and
conversion and thus would reduce the measurement precision.

As the measurement process requires two separate systems
to be implemented and perturbed there has to exist some sort of
assuring that the systems are perturbed at the same operating
point. This requirement is achieved by the synchronization
scheme presented in Fig. 11. After the perturbation is enabled
by an external signal the scheme waits until the angle of the
output voltage, θs is zero. In this way, the original system is
perturbed at the peak of the output voltage and the orthogonal
at the zero voltage. Once the zero angle is detected the
perturbation signal is created inside the MCU using shift-
registers. Additionally, at the start and at the end of the
perturbation signal two flag signals are raised which are passed
to the RT Box. These flags serve as a mean of knowing
which portion of the output voltage is perturbed and thus the
extraction of the response to the perturbation is performed only
on that part of the output voltage measurement.

VI. RESULTS AND PRACTICAL APPLICATION

To verify the ideas developed in this work, the theoretical
characteristics Gcvc

co,cl of the models in equations Eqs. (10)
and (18) are compared in Fig. 12. The comparison shows that
in theory there is no influence of the AFE on the HB. The
characteristics exhibits two resonant peaks at approximately
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Fig. 10. Hardware-in-the-loop system, where the switching models of the converters are implemented inside the PLECS environment and are simulated in
real-time on the RT-Box platform. The control for the converters is implemented on the MCU which sends the PWM signals to the RT-Box and receives the
measurements from the RT-Box. Finally, the measurements from the RT-Box are extracted to a PC where the data is processed and results are obtained.

Fig. 11. Perturbation injection synchronization process. After the perturba-
tion signal is enabled, the scheme waits for the angle to become zero after
which the PRBS signal is created and injected.
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Fig. 12. Comparison of d-axis control-to-output characteristics Gcvc
co,cl,dd

characteristics of a HB operating with an ideal dc link voltage and with AFE
as an input stage controlling the dc-link voltage.

fres,1 = 818 Hz and fres,2 = 918 Hz which come from
the LC-type filter resonant frequency. The resonant frequency
is fLC = 868 Hz in the single-phase domain but when
represented in the dq-frame it is split into two points and
shifted by −fs and +fs, which in this particular case is
fs = 50 Hz. Furthermore, the theoretical characteristics then
compared against the measured one obtained using offline
PLECS simulations and using HIL measurement using the
setup in Fig. 10 and the procedure outlined in Section V-C.
Parameters of the HB are given in Table II and they represent
the steady-state voltages and currents in dq-frame, dc-link
voltage, nominal output frequency output filter values and
controller gains.

To examine the effect of having the AFE as an input
stage two sets of results are presented in Fig. 13. Fig. 13a
presents the control-to-output characteristics Gcvc

co,cl with an
ideal voltage source at the input of the HB while the Fig. 13b
represents the same characteristics with the AFE as an input.
By comparing the two frequency responses it is easy to
notice that there is either no or very slight difference in
two characteristics. The difference in the phase angle can
be attributed to the modelling of the transducer and delay
transfer functions as these are an approximation of the real
transfer functions. From what is presented here it can be
drawn as a conclusion that the presence of an active input
stage does not hinder the performance of the output one and
that the two are perfectly decoupled. Practically, this means
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Fig. 13. a) d-axis control-to-output characteristics Gcvc
co,cl,dd with the standalone-operation of the HB-inverter compared to the same characteristics, b) when

the AFE is operating at the input stage.
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Fig. 14. Medium voltage three-phase active rectifier interfaced to a CHB (cf. Fig. 1) for small signal perturbation injection and input admittance measurement.
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Fig. 15. Perturbation injection into an MV DUT and admittance measure-
ment.

that all future analyses of the CHB as a topology employed
for the impedance/admittance measurement can be undertaken
without taking into consideration the source effects on the
output stage. It should be also noted that only the d-axis
control-to-output characteristics Gcvc

co,cl,dd is presented here.
The reason for this is the fact that in reality the output of the
single-phase HB inverter depends only on the characteristics in
the d-axis and presenting the cross-axis characteristics would
be redundant.

To demonstrate that the presented topology can be used to
identify an unknown DUT, the detailed model of the CHB
converter was constructed for an offline simulation and was
used to inject perturbation into an MV three-phase active
rectifier(cf. Fig. 14). The reasons for not performing a real-
time HIL simulation in this case as well are the limited
computation power and a limited number of input-output lines
of the RT-Box. The voltage and current waveforms of the CHB

are presented in Fig. 16. Phase-shifted PWM with 100 kHz
effective output frequency was used, while the line-to-line
output voltage was set at vo = 5.7 kV. The perturbation
injected was identical to the 5 kHz PRBS presented in Fig. 8.
The perturbation signal amplitude was set at vp = 250 V. In
order to extract the impedance/admittance of a DUT, voltages
and currents are measured at the output of the MV-CHB.
These three-phase voltages are transferred into the dq-frame.
A Discrete Fourier Transform (DFT) is then performed on
voltages and currents in order to extract their magnitude and
phase. The admittance is then extracted as

Y (s) =
‖̃i (s)‖
‖ṽ (s)‖

[
∠ĩ (s)− ∠ṽ (s)

]
(24)

Where ṽ (s) and ĩ (s) are the small-signal voltage perturbation
and the resulting current response.

For the exact method of input admittance modelling one
can refer to [18], [25]. The input and control parameters of the
active rectifier are given in Table III. Two different parameters
were changed to verify that the quality of identification does
not depend on the change of parameters. The analytical model
and the measurements from the offline simulation are given in
Fig. 17, where the load was changed from 10 % load to full
load. It can be noticed that the input admittance varies only in
the low-frequency range. The results presented in Fig. 18 show
the input admittance when the switching frequency is varied
from 5 kHz to 20 kHz. The input admittance varies in the low-
frequency range with the variation of the switching frequency
due to the changing control bandwidth since the increase of
the switching frequency increases the control bandwidth. From
the presented results it can be concluded that the CHB con-
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Fig. 16. (top) line-to-line voltage of the CHB measured before the output filter, (middle) output voltage of the CHB and (bottom) currents measured on the
MV three-phase active rectifier side.

-50

-40

-30

M
ag

n
it

u
d
e 

[d
B

]

Frequency [Hz]

-180

-90

0

90

180

P
h
as

e 
[d

eg
]

10
1

10
2

10
3

10
0

 5x10
3

Analytical Model Measurement

(a)

-50

-40

-30

M
ag

n
it

u
d
e 

[d
B

]

Frequency [Hz]

-180

-90

0

90

180

P
h
as

e 
[d

eg
]

10
1

10
2

10
3

10
0

 5x10
3

(b)

-50

-40

-30

M
ag

n
it

u
d
e 

[d
B

]
Frequency [Hz]

-180

-90

0

90

180

P
h
as

e 
[d

eg
]

10
1

10
2

10
3

10
0

 5x10
3

(c)

Fig. 17. d-axis input admittance Yin,dd of a 500 kW three-phase active rectifier operating at a) 10%, b) 50% and c) 100% load. The converter is operated
at fsw = 10 kHz.
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Fig. 18. d-axis input admittance Yin,dd of a 500 kW three-phase active rectifier operating at a) fsw = 5kHz, b) fsw = 10 kHz and c) fsw = 20 kHz
switching frequency.

verter can effectively be used to measure characteristics of an
unknown DUT and shows itself as a promising topology than
can be employed for MV impedance/admittance identification.

VII. CONCLUSION

This paper presented a promising solution for the problem
of MV impedance/admittance measurement based on the MV-
CHB converter. To confirm the suitability of the proposed idea,
the model of the converter is developed systematically starting
with the model of one single-phase cell of the converter and
by confirming that the AFE input stage of a single cell does
not affect the HB output stage dynamics. The conclusion

is reached through the wideband measurement of the output
dynamics using PRBS signals, while the results are shown me-
thodically through analytical modelling, offline and real-time
simulations. This type of measurement can successfully be
performed in dq-frame by combining two orthogonal single-
phase systems whose response is represented in the dq-frame.
The real-time HIL platform measurement results add to the
credibility of the results. Compared to previous measurement
methods, such as the much slower ac-sweep method, the
wideband measurements allow rapid verification of concepts
put forward. Moreover, the use of wideband measurements,
namely the use of PRBS signals, reduce the risk of the

Authorized licensed use limited to: EPFL LAUSANNE. Downloaded on May 14,2020 at 20:30:27 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.2994369, IEEE Journal
of Emerging and Selected Topics in Power Electronics

11

measured system changing state while being measured. These,
first results are vital for the development of the full scale
converter as it confirms its viability in terms of the output
voltage quality and control bandwidth.

Furthermore, presented simulation results show that the
CHB topology can effectively be used to inject high bandwidth
perturbation signals, such as the PRBS, in and unknown
MV-DUT upon which the voltage and current responses can
be used to obtain terminal characteristics. The perturbation
injection is noninvasive and does not interfere with the steady-
state operation of MV-DUT.

The proposed topology has a high potential in the domain
of MV measurements due to its inherent characteristics. One
is the elevated voltage output, while the other one is the
high output dynamics which can be assured combining the
high equivalent switching frequency and proper output control
methods. Such equipment is an enabling technology for a large
scale integration of MV converters and development of MVac
and MVdc systems.

APPENDIX

The SOGI transfer function in the dq-domain is obtained by
combining HSOGI and TΘ, with the remark that the first one
is an s-domain matrix and the second one is a time-domain
matrix. For a time-domain function xα (t) and its orthogonal
counterpart xβ (t), its dq-frame counterpart is given as:[

xd

xq

]
=

[
cos θs sin θs

− sin θs cos θs

][
hSOGI ∗ xα
hSOGI ∗ xβ

]

=

[
cos θs (hSOGI ∗ xα) + sin θs (hSOGI ∗ xβ)

− sin θs (hSOGI ∗ xα) + cos θs (hSOGI ∗ xβ)

]
(25)

where ∗ is the convolution operation. In the following de-
velopments the subscript ”SOGI” is omitted to avoid clutter.
Applying the property of the Laplace transform

h (t) cos θs =
1

2
(H (s+ jωs) +H (s− jωs))

h (t) sin θs =
j

2
(H (s+ jωs)−H (s− jωs))

(26)

and replacing Eq. (26) into Eq. (25) gives Eq. (27) where
the SOGI is defined in the dq-frame. Gi

dec and Gv
dec are the

current and voltage controller decoupling matrices given as

Gi
dec =

[
0 −ωsL

Vdc
ωsL
Vdc

0

]
(28)

Gv
dec =

[
0 −ωsC

ωsC 0

]
(29)

Gi
PI and Gv

PI are the current and voltage controller matrices
given as

Gi
PI =

 1
Vdc

(
Kp,lcc +

Ki,lcc

s

)
0

0 1
Vdc

(
Kp,lcc +

Ki,lcc

s

)
(30)

Gv
PI =

(Kp,cvc +
Ki,cvc

s

)
0

0
(
Kp,cvc +

Ki,cvc

s

) (31)

Hi and Hv are the current and voltage transducer matrices and
they represent the analog-to-digital conversion and sampling
delay between the RT-Box and the MCU. Gdel represents a
pure delay of half of a sampling period due to the PWM update
action. The matrices are given as:

H =

 1−Tsw
2 s

1+ Tsw
2 s

0

0
1−Tsw

2 s

1+ Tsw
2 s

 (32)

Gdel =

 1−Tsw
4 s

1+ Tsw
4 s

0

0
1−Tsw

4 s

1+ Tsw
4 s

 (33)
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Füchs, and M. Liserre, “Wide frequency range medium-
voltage grid impedance analysis by current injection
of a multi-MW power converter,” in 2016 18th Euro-
pean Conference on Power Electronics and Applications
(EPE’16 ECCE Europe), Sep. 2016, pp. 1–10.

Authorized licensed use limited to: EPFL LAUSANNE. Downloaded on May 14,2020 at 20:30:27 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.2994369, IEEE Journal
of Emerging and Selected Topics in Power Electronics

12

[
Xd (s)

Xq (s)

]
=

 1
2 (H (s+ jωs)Xα (s+ jωs) +H (s− jωs)Xα (s− jωs))

− j2 (H (s+ jωs)Xα (s+ jωs)−H (s− jωs)Xα (s− jωs))

+ j
2 (H (s+ jωs)Xβ (s+ jωs)−H (s− jωs)Xβ (s− jωs))

+ 1
2 (H (s+ jωs)Xβ (s+ jωs) +H (s− jωs)Xβ (s− jωs))


=

[
A (s) −B (s)

B (s) A (s)

]
︸ ︷︷ ︸

Hdq
SOGI(s)

[
1
2 (Xα (s+ jωs) +Xα (s− jωs)) + j

2 (Xβ (s+ jωs)−Xβ (s− jωs))
j
2 (Xα (s+ jωs)−Xα (s− jωs)) + 1

2 (Xβ (s+ jωs) +Xβ (s− jωs))

]

where A (s) =
1

2
[H (s+ jωs) +H (s− jωs)] B (s) =

j

2
[H (s+ jωs)−H (s− jωs)]

(27)

[9] E. Ledezma, Kaiyu Wang, T. Keister, R. Edwards, R.
Pipho, B. Palle, D. Kulkarni, T. E. Salem, J. C. Fox,
and L. Parsa, “Development of a modular configurable
multi-megawatt power amplifier,” in IECON 2013 - 39th
Annual Conference of the IEEE Industrial Electronics
Society, Nov. 2013, pp. 631–636.

[10] F. Bogdan, J. Hauer, J. Langston, K. Schoder, M.
Steurer, I. Cvetkovic, Z. Shen, M. Jaksic, C. DiMarino,
F. Chen, D. Boroyevich, and R. Burgos, “Test environ-
ment for a novel medium voltage impedance measure-
ment unit,” in 2015 IEEE Electric Ship Technologies
Symposium (ESTS), Jun. 2015, pp. 99–103.

[11] U. Javaid, F. D. Freijedo, W. van der Merwe, and D.
Dujic, “Stability Analysis of Multi-Port MVDC Distri-
bution Networks for All-Electric Ships,” IEEE Journal
of Emerging and Selected Topics in Power Electronics,
pp. 1–1, 2019.

[12] M. Mogorovic and D. Dujic, “100 kW, 10 kHz Medium-
Frequency Transformer Design Optimization and Ex-
perimental Verification,” IEEE Transactions on Power
Electronics, vol. 34, no. 2, pp. 1696–1708, Feb. 2019.

[13] M. Utvic, S. Milovanovic, and D. Dujic, “Flexible
Medium Voltage DC Source Utilizing Series Connected
Modular Multilevel Converters,” in 2019 21st Euro-
pean Conference on Power Electronics and Applications
(EPE’19 ECCE Europe), 2019.
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