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Abstract: The safe and reliable operation of modern power system imposes the need to describe and estimate the system stability
through impedance-admittance measurement and identification. The integration and operation of medium voltage equipment in
existing infrastructure requires impedance-admittance measurement devices which are currently few in numbers and often limited
in output voltage level and output bandwidth. The four-quadrant Cascaded H-Bridge topology, featuring a three-phase Active Front
End and a single-phase H-Bridge inverter presents itself as a potential solution to this problem. To support the development of
the Cascaded H-Bridge topology the Active Front End hardware and control platforms require implementation and testing. The
testing aspect of the process additionally includes the measurement of terminal characteristics such as the input admittance and
the output impedance. The complexity of the Cascaded H-Bridge converter and its increased number of power electronics building
blocks requires the use of industrial control platforms. This paper defines the hardware implementation and control principle of the
three-phase Active Front End of a Cascaded H-Bridge converter as well as the system for measuring its terminal characteristics.
The results obtained show that the proposed system can be successfully used to measure the input admittance and output
impedance of the Active Front End upon which the development of the Cascaded H-Bridge is based.

1 Introduction

The energy demand growth in combination with the advancement in
design and performance of power electronics converters has resulted
in putting into service renewable energy systems as well as, exten-
sive installation of power conversion equipment. Furthermore, apart
from the ac and high voltage dc (HVdc) used for energy distribu-
tion and transport, the potential of the medium voltage dc (MVdc)
systems has been thoroughly analysed, however, there are no com-
mercial solutions nor the standards yet available [1–5]. Owing to
the complexity of the installations, modelling the medium voltage
(MV) systems with all of its elements is becoming increasingly chal-
lenging. A more interesting and straightforward method would be to
measure the impedance or the admittance at an arbitrary interface in
the network. Knowledge of the impedance or the admittance of the
system and its future elements would reduce the risk of encounter-
ing unpredictable behaviour which would, in turn, provide a stable
network with uninterrupted operation.

However, the problem of high-power and MV impedance and
admittance measurement and the system identification still remains
and there is a lack of equipment capable of performing such mea-
surements. One of the reasons is the fact that the measurements in
MV applications are not straightforward as there is a need for a
device capable of operating at an MV level and injecting a pertur-
bation into an MV system with a sufficient precision. 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 measurement devices that
exist today have been presented in [6–9]. These solutions have either
limited bandwidth, up to 1 kHz or comprise an output side trans-
former in order to step-up the voltage to the MV levels. This in
turn also limits the output bandwidth. Certain MV impedance mea-
surement devices such as the one presented in [6] are intended for
single-phase perturbation injection thus giving rise to an unbalanced
system response and the presence of unwanted sideband harmonics
in the frequency domain when extracting the impedance. In [10] due
to the implemented control algorithm this device can inject either

single-tone components or a very limited number of components at
the same time, thus requiring more time to perform the impedance
measurement. One of the possible solutions for the prolonged time
of measurement is the usage of wideband signals [11, 12]. Still, the
demand for the MV measurement equipment is growing due to the
need to support the development of recent MVdc and already estab-
lished medium voltage ac (MVac) applications, grid integration of
renewable energy sources and storage devices, energy transmission
and distribution in the MV range and ensure safe integration with the
existing apparatus. Recent research focusing on the identification of
impedance footprint of renewable energy sources such as wind farms
has been presented in [13, 14], showing that there is a need for the
measurement devices that could serve the needs of these systems.

One of the topologies capable of having sufficiently high voltage
output and bandwidth is the Cascaded H-Bridge (CHB) topology
with an Active Front End (AFE) interfaced to a multi-winding
transformer (MWT) on the converter input side and a string of
connected H-bridges (HBs) on the output side. This topology was
already presented in [15], where the feasibility of using a multilevel
topology for perturbation injection was studied. A high-frequency
signal was superimposed to a fundamental component in open-
loop and the admittance of a passive load was measured. The CHB
topology presented in [15] enables a bidirectional power flow allow-
ing the impedance or admittance measurement of various devices
under test (DUTs) operating in different conditions. These capablites
make the CHB topology ideal for measurement of impedances and
admittances of MV systems.

The first step in development of the MV-CHB is the hardware
and control implementation of the input AFE of a power electron-
ics building block (PEBB) of the MV-CHB. Additionally, to support
the hardware and control development a testing and measurement
platform for the identification of the input admittance and the out-
put impedance of the AFE is presented, where the measurement
platform makes use of small-signal wideband voltage perturbation
injection. For this purpose an experimental setup is assembled and
presented. The system presented here includes industrial controllers
and components and the direct impedance measurement is needed.
The theoretical developments are out of the scope of this paper and
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they can be found in more detail in [16–18]. Modelling and pre-
dicting the impedance of large systems is next to impossible due
to the ever changing nature of the system and constant inclusion
of new devices and power converters as well as due to the limited
information about the converters given by the manufacturers. In this
case, the direct measurement is the only sensible way of obtaining
an impedance of a system.

The reason for development of a measurement platform is the fact
that despite the MV-CHB presenting itself as a potential solution for
this problem it still acts as a perturbation injection converter (PIC)
for an MV system. On one side, owing to the fact that the CHB topol-
ogy is supplied from another MVac system the converter requires
the understanding and an assessment of its terminal characteristics
for proper and safe operation. First step in characterizing the CHB
converter is by acquiring the knowledge of the input admittance of
its cells, i.e. the input admittance of the AFE. On the other side, the
AFE and the HB need to be decoupled and the AFE should not limit
the output bandwidth of the HB stage. The element linking the two
converters is the output impedance of the AFE [19].

The key contributions of the work presented here are:

• Hardware development of the three-phase AFE and control plat-
form implementation of the AFE based on a large-scale industrial
control platform.

• Implementation of a standalone system for input admittance and
output impedance measurement of the AFE intended to support
further CHB converter cell development.

• Experimental measurement of the output impedance required for
source-affected characterization of the MV-CHB PEBB [19].

The rest of the paper is organized as follows. Section II presents
the CHB converter and the AFE control concept, Section III
presents the terminal characteristics measurement system, Section
IV presents the measurement process and results using wideband
signal perturbation injection while the Section V draws conclusions.

2 Medium Voltage Cascaded H-Bridge Converter

The MV–CHB converter topology consisting of a step-down
MV–MWT with 15 secondary phase-shifted outputs and 15 low-
voltage cells is presented in Fig. 1. The nominal parameters of this
topology, such as current and voltage ratings, as well as the grid
synchronization and modulation strategies have already been pre-
sented in [15, 19, 20]. Each PEBB, presented in Fig. 2, comprises
an input filter, a three-phase AFE, a dc-link capacitor and a single-
phase HB. The main advantages of the CHB are the MV output
voltage level and high output voltage bandwidth and thus higher
frequency voltage perturbation injection and subsequently measure-
ments obtainable in higher frequency range than was the case so
far.

2.1 Active Front End

A single, ideal, AFE is presented in Fig. 3 where the output inverter
from Fig. 2 is replaced by a load. Here the AFE can be regarded as a
grid-connected converter as in essence it is connected to an MV grid
through the MWT transformer. Considering the size and the com-
plexity of the system, i.e. the MV–CHB converter being formed of
15 low-voltage cells, the converter control concept requires a plat-
form capable of supporting demanding computational power and
increased number of different inputs and outputs (I/Os). Usually,
large-scale industrial control platforms are capable of handling such
requirements. For the control of the input side of the CHB, i.e. the
AFEs, the ABB AC 800PEC control system is employed together
with its peripheral units for various measurements and auxiliary
functions. On the other side, the task of driving the IGBT switches of
the AFE is performed by the PEC gate driver unit (PEC-GDU) with
intelligent functions deployed on an FPGA platform such as dc-link
voltage and input currents sensing and filtering and integrated pro-
tection functions such as over-voltage and over-current protection
and short-circuit protection.

Phase leg

MV CHB

MV supply

CHB 
Cell

MV device
under test

Fig. 1: Medium voltage Cascaded H-Bridge converter for perturba-
tion injection and impedance measurement.

A
B
C

a

b

input
filter

Fig. 2: MV-CHB PEBB with the input filter and the AFE stage (left)
and the inverter HB stage (right).

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

The fact that the AFE is a grid-connected converter requires that
the control structure of the AFE comprises a phase-locked loop
(PLL) performing synchronization to the primary side of the trans-
former [21]. The dc-link voltage control (DVC), performed using a
proportional integral (PI) regulator, provides the active current ref-
erence, i⋆d, for the input current control (ICC), while the reactive
current reference, i⋆q is set independently. The current control is
implemented using the synchronous reference frame (SRF) decou-
pled control after which the voltage references from the dq-frame are
transformed into the abc-frame references. Finally, the modulation
indices for the switching legs of the AFE are sent to the PEC-GDU.
The control concept can be summarized using Fig. 4. The back-to-
back AFE setup with the PEC-GDU and the dc-link capacitors is
presented in Fig. 5 while the AC800 PEC is presented in ??.

The dc-link voltage references and systems commands are issued
from the command and supervisory unit (CSU), essentially a human
user interface, with which the AC 800PEC continuously com-
municates, while simultaneously exchanging information with its
peripheral units and the PEC-GDU. There exist two sources of mea-
surements required for control tasks in the AC 800PEC. First source
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Fig. 4: Control system with where the grid synchronization, dc-link
voltage and input current regulation are implemented on the AC800
PEC and the IGBT switches are driven from the PEC-GDU.

Fig. 5: Back-to-back Active Front End setup with the GDUs and the
dc-link capacitor.

is the PEC measurement interface (PEC-MI), which provide the ac
voltage measurements required for the grid synchronization. The
second source is the PEC-GDU which provides the measurement
of the dc-link voltage and the input current. Both the dc-link volt-
age and the current are passed either through a moving average filter
or a low-pass filter in order to reduce the control sensitivity to noise
and sensor imprecision. Each unit in the control structure has its own
execution time which are added on top of the communication time
between the PEC and its peripheral units. These times combined act
as delay in the control system and affect the overall performance of
the implemented control and they need to be properly compensated.

2.2 Control Tuning

The PI regulator gains of the PLL can be set using the closed loop
transfer function of the PLL given as:

HCL,PLL(s) =
Kp,PLLs+

Kp,PLL

Ti,PLL

s2 +Kp,PLLs+
Kp,PLL

Ti,PLL

=
2ξωns+ ω2

n

s2 + 2ξωns+ ω2
n

(1)

Subsequently the gains are obtained according to the sought settling
time of the second-order system which is approximated as:

ts = 4.6τ τ =
1

ξωn
(2)

From here, the PI controller gains can be set as a function of the
settling time as follows:

Kp,PLL = 2 · ξωn =
9.2

ts
Ti,PLL =

2ξ

ωn
=

tsξ
2

2.3
(3)

The damping factor is chosen as ξ = 1√
2

while the settling time is
ts = 100ms [22].

For both the DVC and the ICC the PI regulator is taken as a
regulator structure. The regulator parameters are tuned according
to Magnitude Optimum for the ICC and according to Symmetrical
Optimum for the DVC [23–25]. The ICC is tuned according to the
following equations:

Tn,ICC =
Lf

Rf

Ti,ICC =
2 · TpΣ,ICC

Rf

Kp,ICC =
Tn,ICC

Ti,ICC

Ki,ICC =
1

Ti,ICC

(4)

Where the TpΣ,ICC is the total delay of the ICC loop which can
be established according to the switching and sampling frequencies
and communication delays between the PEC and PECMI and GDU.
The tuning of the DVC is performed according to the following
equations:

TΣ,DV C = 10 · TpΣ,ICC

TpΣ,DV C = 2 · TpΣ,ICC + TΣ,DV C

Tn,DV C = 4 · TpΣ,DV C

Ti,DV C =
8 · T 2

pΣ,DV C

Cdc

Kp,DV C =
Tn,ICC

Ti,ICC

Ki,DV C =
1

Ti,ICC

(5)

Where the TpΣ,DV C is the total delay of the DVC loop. The total
delay of the ICC loop is be given as:

TpΣ,ICC = 2 · TGD + 2 · Tcomm + TPEC + TPWM (6)

Where the different delays and their time durations are:

• TGD - gate driver ADC and calculation time → 25 µs
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• Tcomm - communication delay between the GDU and PEC →
25 µs

• TPEC - ICC task calculation time → 125 µs
• TPWM - PWM delay → 32.5 µs

The responses of the control system to step changes of dc-link
voltage reference, output load and q-axis current reference i⋆q are
given in Fig. 6. The PI regulator parameters were tuned with the fol-
lowing parameters, Lf = 5mH, Rf = 100mΩ and Cdc = 5mF.
To test DVC, the AFE dc-link is passively charged to vdc = 565V
after which the reference is set to v⋆dc = 750V. From Fig. 6a it
is visible that the steady-state and the issued voltage reference are
reached in about 100ms, which is due to the regulator output lim-
its which need to be set low in the first phase of the operation of
the converter, i.e. after the dc-link is charged actively. The ICC is
tested by stepping the output load and maintaining the i⋆q = 0A
which influences only the d-axis regulator. It should be remarked
from Fig. 6b that in this test the sudden change in the output load
causes a drop in the dc-link voltage to which the DVC reacts by
increasing the i⋆d and that the ICC itself does present an overshoot
which can be seen in Fig. 6c where at t = 50ms the i⋆q is set at
i⋆q = 10A to test the response of the q-axis regulator. The ICC reg-
ulator performance can be evaluated from Fig. 6c where it can be
seen that the newly issued reference is reached at t = 70ms, i.e.
the steady-state is achieved in 20ms, showing exceptionally good
tracking performance of the regulators. However, a downside of the
implemented control is the absence of the disturbance compensa-
tion which is visible from the Fig. 6b. On the other side, for the
disturbance compensation to be implemented another current sensor
measuring the load current would need to be added to the system
which would in turn increase the system cost. As for the sought for
application, i.e. impedance measurement, the disturbance compen-
sation is not a priority in the control system, this does not possess an
important issue.

3 Terminal Characteristics Measurement System

The measurement of terminal characteristics of the AFE, i.e. the
input admittance and output impedance, requires a system consist-
ing of several components and is represented using the schematic
in Fig. 7. Since the admittance is the ac-side characteristics in this
particular case while the impedance is the dc-side the methods in
which the measurements are performed are somewhat different. For
the measurement of the input admittance the first component needed
is a device capable of injecting small-signal voltage perturbations at
the ac or the dc terminals of the AFE. A grid emulator such as Rega-
tron TC.ACS, presented as the ACS source in Fig. 7, is capable of
supplying the fundamental voltage and injecting the perturbation on
top of the fundamental component and is chosen as a PIC [26]. The
same grid emulator can be used as a dc source and can be used to
inject small-signal perturbations. The second part of the system are

the current and voltage transducers measuring the input voltage and
its small signal components and the current resulting as a response
of the AFE control system. The following element of the system is
a high sample rate data acquisition (DAQ) instrument, presented as
DAQ block in Fig. 7, collecting the measured voltages and currents
for further processing. Finally, once collected, different frequency
component extraction techniques can be applied to the measured
voltages and currents from which the admittance and impedance can
be calculated using MATLAB software in the CSU in Fig. 7.

3.1 Grid Emulator and Perturbation Injection Converter

Measuring the terminal characteristics of a grid connected converter
is performed by injecting a small-signal voltage or current perturba-
tions and measuring the resulting current or voltage response. The
Regatron TC.ACS is capable of emulating an ac grid and acting
as a dc voltage source and at the same time injecting small signal
perturbations. Since the perturbation signals are not usually readily
available in the grid emulator control software, another external sig-
nal generator is needed in order to provide references and drive the
TC.ACS. For this role, the Plexim RT-Box is chosen as a versatile
device that can perform the duty of the signal generator. In the RT-
Box the ac grid and dc voltage source models are established and
its analog outputs are used as the analog inputs for the Regatron
TC.ACS output voltage references.

Measuring the input admittance is performed by injecting small
signal voltage perturbation in the output voltage reference of the
TC.ACS. These perturbations give rise to current response as a con-
sequence of the AFE control system upon which the ac-side voltage
and current measurements are collected.

On the other hand, measuring the output impedance can either
be performed having a controllable current source or combining a
controllable voltage source with an inductor or a resistor in series.
The TC.ACS combined with the resistor Rdc acts as a controllable
current source. By controlling the output voltage of the TC.ACS and
injecting small signal perturbations in this voltage a current perturba-
tion for the AFE is created. This provokes a response from the AFE
dc-link voltage control after which the dc-side voltage and current
measurements are collected.

3.2 Perturbation Signal

Widely popular method in impedance/admittance measurements 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, pseudo-random

0 0.1 0.2 0.3 0.4

550

600

650

700

750

Time [s]

v
? d
c
,v

d
c

[V
]

v?
dc

vdc

a

0 0.1 0.2 0.3 0.4

0

5

10

Time [s]

i? d
,i

d
[A

]

i?d id

b

0 0.02 0.04 0.06 0.08 0.1

0

5

10

Time [s]

i? q
,i

q
[A

]

i?q iq

c
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binary sequence (PRBS) signals (c.f. Fig. 8) have seen substantial
use for system identification and impedance measurement [27–29].
The advantage of these signals lies in the fact that they are well suited
for the characterization of dynamics systems where rapid measure-
ment is necessary due to the possibility of variation of the system
state in time. The maximum frequency of the perturbation signals
needs to be chosen with respect to PIC output bandwidth as well as
the DUT switching frequency, thus some preliminary knowledge of
the DUT parameters is needed. In this particular case, the PRBS-
9 signal is used resulting in a 511-bit-long signal (c.f. Fig. 10).
Taking into account the Regatron ACS output voltage control band-
width, the sequence was generated at fgen = 2kHz, which sets the
injection time at about tp = 250ms and the resolution frequency
at fres = 3.914Hz. For the sake of comparison between the PRBS
and ac sweep injection the following analysis can be performed. Per-
forming an ac sweep with 511 different frequencies which are given
as fp = 3.914, 2 · 3.914, 3 · 3.914, . . . , 2000Hz and performing 16
injections yields the total injection time of tsweep = 27.85 s. Per-
forming the same perturbation injection with the PRBS signal yields
the total time of tPRBS = 4.088 s. Thus, performing the ac sweep
injection in this particular case takes seven times longer. Moreover,
when performing the frequency analysis and frequency component
extraction using the FFT methods, the ac sweep method requires that
each dataset is analyzed separately and that a single frequency is
extracted at a time, while with the PRBS method all of the 511 com-
ponents are extracted in a single iteration. The injected PRBS-12
signal in the time domain and its frequency domain counterpart are
presented in Fig. 9.

3.3 Voltage and Current Measurement

Even though the input admittance is represented in the dq-frame,
the only available voltage and current measurements are in the
abc-frame. These measurements are implemented using voltage and
current transducers. The issue of choice of transducers lies in the fact
that they need to be able to measure the nominal voltage and current
values of the system while at the same time being able to measure the
small-signal portion of the measurand with a good enough precision.
Moreover, depending on the choice of the PRBS type signal and its
generation frequency, the perturbation signal may often have high
frequency components which in turn requires that the transducers
chosen have a large enough bandwidth for the measurement. Like-
wise, the PRBS signals contain low-frequency components resulting
in the need that the transducers need to reliably measure the low-
frequency signals. The sensors chosen for the voltage and current
measurements are the ABB VS1500B and LEM LF210-S transduc-
ers, respectively. In total, there are six sensors, three for voltage and
three for currents. Since the neutral point is available at the output
terminals of the Regatron ACS, the line-to-neutral voltages and line
currents are measured. When measuring the output impedance the
same transducers can be used, however this time measuring the dc-
link voltage of the AFE and the output, or load, current. In order
to interface the transducer output to the DAQ system an intermedi-
ate board is added to the system that simultaneously incorporates a
fc = 10 kHz low-pass analog filter and voltage limiters in order not
to damage the DAQ system.
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Fig. 7: Schematics of the experimental setup for the measurement of the input admittance and the output impedance of the AFE.
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3.4 Data Acquisition System

In order to follow up with the requirements for having high-
bandwidth, precise voltage and current transducers for measure-
ments the DAQ system employed needs to have a high sampling rate
as well. Due to the number of signals acquired the sampling of each
signal needs to be performed simultaneously in order to avoid delays
between the signals sampled. Furthermore, having a system capable
of storing large amounts of data, namely more than one perturbation
period is sought for. The reason for this is the fact that having mul-
tiple periods measured and acquired allows for averaging over these
multiple periods. This greatly improves the quality of results in sys-
tems where unwanted noise is unavoidably present. A DAQ fulfilling
these requirements is the Elsys Tranet 408s transient recorder capa-
ble of performing sampling at a rate of up to M = 80MS s−1. The
voltage and current measurements are acquired over a time period of
about tr = 4 s which, taking into account the resolution frequency,
leads to 16 perturbation periods acquired.

Design PRBS signal based on PIC fbw and DUT fsw

Inject small signal voltage into the PIC output voltage reference

Measure the PIC output voltage 
and DUT input current response

Measure the AFE dc-link voltage 
and PIC output current

Acquire measurements using DAQ

Perform DFT and averaging of voltage and current

Obtain admittance matrix

Transform voltages and 
currents into the dq-frame

Obtain output impedance

Fig. 11: Flowchart for input admittance and output impedance mea-
surement of the AFE.

3.5 Admittance and Impedance Extraction

Once measured and collected with the DAQ, the voltage and cur-
rent measurement can be used for processing. In this particular case
this is done offline using MATLAB software. In order to extract the
frequency components, namely magnitude and phase, from the mea-
surements the discrete Fourier transform (DFT) is performed. The
acquired data is split into 16 periods of identical length and the
DFT is performed on these periods upon which the data are aver-
aged. Here, the geometric mean is used to average the measurements
which is given as:

x̄ =

 n∏
i=1

xi


1
n

(7)

Where the x is the voltage or current measurement and i =
1, 2, . . . , 16 denoting the ith period of the data.

Following the averaging of the data the admittance matrix in the
dq-frame is extracted as:

Yin (s) =

[
id,1 (s) id,2 (s)

iq,1 (s) iq,2 (s)

]
·

[
vd,1 (s) vd,2 (s)

vq,1 (s) vq,2 (s)

]−1

=

[
Ydd (s) Ydq (s)

Yqd (s) Yqq (s)

] (8)

Where the ix,y and vx,y are the measured currents and voltage in
the dq-frame after the first and second injection. Similarly, the DFT
is performed on the dc-side voltage and current measurements and
the output impedance can be extracted as:

Zout (s) =

∥∥ṽ (s)∥∥∥∥∥ĩ (s)∥∥∥
[
∠ṽ (s)− ∠ĩ (s)

]
(9)

The admittance and impedance measurement method can be
summarized using the flowchart presented in Fig. 11.

4 Measurement Results

The implemented experimental setup for the ac-side input admit-
tance measurement using the elements outlined is presented in
Fig. 12 while for the setup for the measurement of the dc-side out-
put impedance one can refer itself to the right hand side of Fig. 7.
The same elements from Fig. 12 are reused for output impedance
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Regatron ACS
RT-Box

Current and voltage
transducers

DAQ system

Back-to-back
AFE setup

AC800 PEC

Input filter

Passive load

Fig. 12: Experimental setup for the input admittance and out-
put impedance measurement including the RT-Box driving TC.ACS
employed as a PIC, the input L-type filter, the AC800 PEC con-
troller, back-to-back AFE setup and the passive load.

measurement but respecting the layout of Fig. 7. The amount of
small-signal voltage injected is about 5–6% of the nominal voltage.
Even though injecting more voltage is desirable from the standpoint
of obtaining better measurements, it is in turn undesirable from the
perspective of the system protection, thus the level of injected volt-
age must be carefully chosen in order not to perturb the normal
operation of the AFE.

For the admittance measurements two injections are performed,
one in the d-axis of the reference voltage and the second in the q-
axis. In total, four different measurements were performed in which
the AFE was operating with different parameters, such as a different
inductance of the input filter, a different switching frequency or a
different operating point, i.e. a different value of the load. Both the
value of the filter and the switching frequency influence the DVC
and ICC PI regulator gains which in turn influences the shape of the
admittance. In all four measurements the input line-to-line voltage
was established at vg = 400V. The reduced input voltage compared
to the nominal voltage of the AFE is due to the limitations of the

Table 1 System parameters for input admittance measurements

Measurement I II III IV

Kp,ICC 9.43 9.43 7.1 5.1

Ki,ICC 118.7 118.7 141.5 94.4

Kp,DV C 0.8 0.8 0.6 0.8

Ki,DV C 61.8 61.8 34.8 61.8

Kp,PLL 92 92 92 92

Ki,PLL 4232 4232 4232 4232

Pin 22 kW 11kW 22kW 22kW

Lf 5mH 5mH 5mH 2.7mH

Rf 100mΩ 100mΩ 100mΩ 100mΩ

fsw 8 kHz 8 kHz 6 kHz 8 kHz

Cdc 5mF 5mF 5mF 5mF

TC.ACS output voltage level. Different parameters of the performed
measurements are summarized in Table 1.

From results presented in Figs. 13 to 16 it is noticeable that
there is a difference in measured input admittance depending on the
parameters from Table 1. The operating point mostly influences the
low frequency region which is clearly visible by comparing Figs. 13
and 14. The difference in switching frequency alters the regulator
gains and reduces the control bandwidth which is interpreted as
having a slightly lower admittance in Fig. 15 and the characteris-
tics shifting to the left in the frequency range compared to Fig. 13.
Additionally, in Fig. 13 a set of measured impedances obtained using
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Fig. 13: a) magnitude and b) phase of input admittance matrix Yin of the AFE with parameters of measurement I presented in Table 1. Two
sets of measurements are shown, one obtained using the PRBS injection and another, a reference set, obtained using the ac sweep injection.
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Fig. 14: a) magnitude and b) phase of input admittance matrix Yin of the AFE with parameters of measurement II presented in Table 1.
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Fig. 15: a) magnitude and b) phase of input admittance matrix Yin of the AFE with parameters of measurement III presented in Table 1.
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Fig. 16: a) magnitude and b) phase of input admittance matrix Yin of the AFE with parameters of measurement IV presented in Table 1.
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Fig. 17: Magnitude and phase of output impedance Zout of the AFE with a) Idc = 5A, b) Idc = 7.5A, c) Idc = 10A and d) Idc = 12.5A.
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the ac sweep injection, which serves as a reference measurement, is
added on top of the results obtained with the PRBS injection.

When it comes to the impedance measurements four differ-
ent measurements were performed as well. The load current was
varied between 5A and 12.5A, resulting in the power variation
between 3.75 kW and 9.4 kW. The experimental measured output
impedances are presented in Fig. 17 for four different loads. It can
be discerned between Figs. 17a to 17d that the impedance shape or
rather its value changes in the low frequency range. The variation
is between −1 dB and 3 dB which is characteristic for the change
of operation point of the converter. Moreover, the impedance shape
presents a drop after 20Hz which indicates the bandwidth of the
DVC. However, the output impedance has a highest value between
the dc value and 50Hz after which the impedance decreases sharply
with a rate of −25 dB/dec. Thus it can be concluded that outside of
this range, and in general, outside of the output voltage control range,
the output impedance has little influence on the system. In conjunc-
tion with the results from [19] it can be concluded that the output
impedance has little effect on the control-to-output characteristics of
the CHB beyond 50Hz.

Nevertheless, the presented system does feature certain limit such
as the limited frequency range in which the measurement is per-
formed. This, however, depends on the perturbation injection device
employed for the process and since it is a commercial device it is one
of the drawbacks that is not solved easily. Another limitation is the
fact that the measurements were performed on a system with lower
ratings than the nominal ones presented in [19], which is also due to
the limited output voltage of the supply source used.

5 Conclusion

This paper has presented the design and implementation of the AFE
of a PEBB of the MV-CHB converter, as well as the testing and
measurement platform for input admittance and output impedance
measurement of the AFE. The presented results indicate that the
measurement platform and methods applied can clearly distinguish
different admittance shapes arising as a result of the change of
parameters of the AFE. Moreover, due to the frequent lack of knowl-
edge of all parameters of industrial equipment employed for the
control of the converter, practical measurements are usually the
only trustworthy method of admittance or impedance identification
for power electronics converters. Furthermore, the use of wideband
signals for measurements has double benefit. One benefit is the sig-
nificant reduction in measurement time and complexity compared to
standard methods such as an ac frequency sweep while the other one
is preventing that the converter on which the measurements are per-
formed changes operation point during the measurement. Namely,
the measurement time is reduced sevenfold compared to the use
of ac sweep signal injection and measurement. Moreover, the post-
processing time and impedance extraction time is reduced. Presented
measurement platform and results serve as a basis for proper under-
standing and operation of the MV-CHB as well as experimental
verification of the way in which the AFE influence the HB in the
MV-CHB PEBB and its output overall.
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