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Abstract—Power systems have lately seen a tendency of in-
creasing share of renewable energy sources and integration of
power electronics equipment. The concept of distributed power
generation introduces various stability-related challenges into the
power system operation. Consequently, safe and reliable opera-
tion imposes the need to understand, describe and estimate the
system stability through impedance-admittance measurements
and identification. As in a present day network configuration
the sources and loads can either be of ac or dc nature a
flexible device capable of ac or dc measurements is required.
The 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 measurements. Moreover, through
the hardware and control reconfiguration it is possible to address
the needs of both ac and dc applications. This paper presents
the flexible medium voltage Cascaded H-Bridge converter for
impedance/admittance measurement of ac and dc systems. The
effectiveness and flexibility of the topology is shown through
a case study where the terminal characteristics of a Modular
Multilevel Converter are measured.

Index Terms—dq-frame, Impedance Measurement, Medium-
Voltage, System Identification, Cascaded H-Bridge, MMC

I. INTRODUCTION

The increase in energy demand, combined with the 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. Moreover, apart from the ac

and high voltage dc (HVdc) used for energy distribution and

transport, the potential of the medium voltage dc (MVdc)

systems has been thoroughly analysed, however, there are no

commercial solutions nor the standards yet available [1]–[5].

With the development of the MVdc systems comes the chal-

lenge of predicting their behaviour that is becoming increas-

ingly 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 [6], [7]. 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. This requires a mean to

measure the impedance or admittance at different interfaces in

the system, be it an ac or a dc interface.

However, the problem of high-power and medium voltage

(MV) impedance/admittance measurement and system iden-

tification had not yet been fully resolved and there is a

lack of equipment capable of performing such measurements.

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 perturbation 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 estimators that exist

today have been presented in [8]–[11]. These solutions have

either limited bandwidth, up to 1 kHz or comprise an output

side transformer in order to step-up the voltage to the MV

levels. This in turn also limits the output bandwidth. Moreover,

all of these impedance estimators were reported using only an

ac output. Still, the demand for such equipment is growing due

to the need to support the development of recent MVdc and

already established 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.

One of the topologies capable of having sufficiently high

voltage output and bandwidth is the Cascaded H-Bridge

(CHB) topology with an active input element interfaced to

a multi-winding transformer (MWT). This topology was al-

ready presented in [12], 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 converter is primarily intended to

operate as an ac output converter. Nevertheless, it can be

reconfigured without large effort to serve dc system purposes

as well. Moreover, the CHB topology enables a bidirectional

power flow, making it ideal for measurements of impedances

or admittances of MVac or MVdc systems.

On the other side, to support the expansion of MVdc

infrastructure, from the power electronics side, the modular

multilevel converters (MMCs) have been used extensively [13]

as they offer a high degree of flexibility in terms of power

and voltage levels. However, from the equipment integration

point of view there exists an issue when it comes to terminal

characteristics, impedance and admittance, measurement of the

MMCs [14]. Due to its flexibility, the CHB converter can be

reconfigured and used to measure either the ac or the dc side
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characteristics of the MMC, which is taken as a case study

here.

The rest of the paper is organized as follows. Section II

presents the CHB converter and the reconfiguration possibil-

ities, Section III presents the output voltage control, Section

IV presents the measurement process and results using wide-

band signal perturbation injection while the Section V draws

conclusions.

II. CASCADED H-BRIDGE IMPEDANCE MEASUREMENT

UNIT

The CHB converter, presented in Fig. 1, in the following

analysis consists of a step-down MV–MWT with 15 sec-

ondary phase-shifted outputs permitting to arrange converter

cells in an ac or a dc output structure through hardware

reconfiguration. The MV–MWT in question has a primary

side rated line voltage of vpl−l = 6kV and secondary side

rated voltage of vsl−l = 710V. The MWT supplies three-

phase isolated voltages from its secondary, low-voltage, side

to the cell, presented in Fig. 2. Isolated three-phase supply

makes the cells and the dc-links 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 Active Front End (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 and thus decouples the device

under test (DUT) from the network the MWT is connected

to. The AFE control system comprises a PLL that performs

synchronisation to the primary side of the transformer, as it is

essentially a grid-connected converter through the MWT [17].

The control is performed in a cascaded manner as the dc-link

voltage is controlled through the input current control, which is

implemented using the Synchronous Reference Frame (SRF)

decoupled proportional integral (PI) control.

A. Ac Output Configuration

When the CHB converter is operated with an ac output, the

phase-shifted transformer secondaries enable stacking up to 5

cells per phase and thus create a three-phase ac output with

an increased output voltage levels and high effective switching

frequency, provided a proper modulation scheme is used. This

allows for higher output voltage bandwidth and thus higher fre-

quency voltage perturbation injection and measurements. The

switching frequency of an individual H-bridge (HB) equals

f HB
sw = 20 kHz. Using the bipolar phase-shifted PWM (PS-

PWM), by shifting the carriers modulating two neighboring

cells, the equivalent switching frequency of the phase-leg can

be increased to Ncell × f HB
sw = fCHB

sw = 100 kHz. As a result,

an outstanding performance and bandwidth can be ensured

allowing for high-fidelity voltage perturbations to be injected

into an unknown network or the DUT through an LC-type

filter. The presence of the MWT on the input side is one

of the advantages of this topology, at least from the output

stage bandwidth point of view. Having the MWT at the input
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Fig. 1. Cascaded H-Bridge topology for high dynamic medium-voltage
perturbation injection and impedance measurement.
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Fig. 2. Regenerative cell with the input filter and the AFE stage (left) and
the inverter HB stage (right).
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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 leakage inductance of the output transformer. In an ac

configuration the CHB cells outputs are interfaced to a three-

phase LC-type filter where the output voltage is controlled.

This structure is presented in Fig. 1a. The converter is sized

for a total dc-link voltage of vdc,Σ = 6kV, per phase leg,

and the power of SCHB
out = 1MVA. Hence, the converter can

be operated with an output voltage of anywhere between zero

and vCHB
out = 6kV.

B. Dc Output Configuration

For the needs of measuring an impedance or admittance of

a dc system, the CHB can be easily reconfigured to operate

as a converter with a dc output voltage. When this mode

of operation is sought after, there exist several possibilities

of reconfiguration which can be presented with Fig. 1b. The

modulation type is inherited from the ac output CHB, i.e. the

PS-PWM is used for the dc output as well.

A fairly simple and straightforward mean of achieving a

dc operation with a CHB converter would be by interleaving

individual phases into one single phase with a dc output. In this

way the total dc-link voltage does not exceed the rated voltage

and the output voltage is equal to vCHB
out = 6kV. Moreover,

each phase shares 1/3 of total current, thus preserving the

original power rating. Furthermore, by interleaving the phase

legs of the CHB the current ripple is additionally reduced.

From the modulation point of view, the interleaving can be

achieved by shifting the groups of carriers by fCHB
sw /3. This

configuration is presented as phase-interleaved in Fig. 1b.

Another manner of obtaining a dc operation with the CHB

converter is by connecting the phase legs, of a previously

three-phase converter, in series and replacing the three-phase

filter with a single-phase one. In this case the input voltage

of the MV supply would need to be reduced in order to

obtain a total dc-link voltage of vdc,Σ = 12 kV. This does not

violate the voltage constraints of the converter as the MWT is

designed to support voltage this high [17]. In turn, operating

the converter with lower dc-link voltage leads to lower power

processing capabilities as the rated power becomes reduced

to 2/3 of the initial one. Since the perturbation injection

converters usually do not supply the main power of the system

this does not arise as an issue. It would come as a problem

only if the CHB would be used to supply the main power and

the rated power of the DUT would surpass the 2/3 of the CHB

power. Such configuration is suitable for systems for which

the output voltage of the phase-interleaved configuration is not

sufficiently high to perform the perturbation injection. Even-

tually, the dc-link voltage could be elevated to vdc,Σ = 18 kV,

provided that another transformer is used whose insulation

is capable of withstanding this voltage. This proposition is

presented as the phase-series configuration in Fig. 1b.

Finally, a third possibility is presented as phase-idle config-

uration in Fig. 1b. The advantage of the following proposition

lies in the fact that it requires less hardware reconfiguration

TABLE I: Cell Parameters

Parameter Value

Apparent Power Rating 66.7 kVA

AFE Nominal Current 54A

Inverter HB Nominal Current 55.5A

Filter Inductance 150 μH

Filter Capacitance 3 μF

Nominal dc-link voltage 1200V

Semiconductor blocking voltage 1700V

Inverter HB Modulation PSC-PWM

TABLE II: Dc output configuration summary

Phase configuration vCHB
out iCHB

out SCHB
out

interleaved 6 kV 166A 1MVA

series 12 kV 55.5A 667 kVA

idle 12 kV 55.5A 667 kVA

and uses the original layout of the CHB topology. The output

can be used in a way that only two out of three converter

phases are utilized and the output is driven to be a dc output

through the control. As in the previous case, in this case as well

the output voltage is higher than in the first case. However,

as only two out of three phases are used here the total power

of the system is reduced to 2/3 of the original power rating.

An additional challenge is the operational state of the third

phase leg. The simplest option stays to charge it through the

AFE control and not operate the phase leg, i.e. not perform the

modulation and switching. Different dc output configurations

are summarized in Table II, while the typical CHB ac and dc

output waveforms are presented in Fig. 3.

III. OUTPUT VOLTAGE CONTROL

The high equivalent switching frequency at the converter

output is beneficial for the quality of the voltage output as

well as the closed-loop bandwidth. In order to gain from

this extended bandwidth single-loop voltage control is pre-

ferred over double-loop one. The reason is the fact double-

loop control limits the bandwidth as it is constrained by the

bandwidth of the inner control loop and the output control loop

bandwidth should be set up to ten times lower than the inner

loop bandwidth. The bandwidth of the inner control loop, on

the other hand, should be set below the LC filter resonance

frequency. In order to overcome this problem, the single-loop

voltage control implemented is based on the method presented

in [18] where the controller gains are obtained from system

parameters and design specifications based on direct pole

placement. The control method can be applied to the control

of both ac and dc variables making it ideal for the needs of the

CHB perturbation injection converter. Here, phase-interleaved

configuration is taken as the dc output configuration. The

control block diagram is presented in Fig. 4, while the gain

values for ac and dc outputs are given in Table III. This
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Fig. 3. Ac and dc voltage and current waveforms of the CHB before and after the start of the perturbation injection at ts = 0.85 s.
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Fig. 4. Control block diagram of the output voltage controller.

TABLE III: State-space controller gains

Gain ac output dc output

kv1 6.32− j0.04 9.1

kv2 −0.1 + j0.0006 0.3

kv3 0.86− j0.006 0.98

kvi 0.0700 + j0.0034 0.21

kff 0.58 + j0.0156 1.88

ki1 15.17 + j0.035 18.2

ki2 (1.9754 + j0.005) · 10−4 2 · 10−4

choice of gains results in a theoretical bandwidth of up to

fBW = 7kHz, following the developments provided in [18].

IV. MMC AC AND DC ADMITTANCE MEASUREMENTS

In order to examine the effectiveness of the CHB as a

perturbation injection converter, measurements of the input

and output admittances of the MMC were simulated in PLECS

simulation environment. The measurement setup can be illus-

trated with Fig. 5, while the operating parameters of the MMC

are given in Table IV. It can be noticed that the measured input

admittance is represented in the dq-frame. Even though the ac

and dc rated voltages of the MMC are lower than the rated

voltages of the CHB, this does not pose an issue as the CHB

converter can establish any voltage between zero and rated

voltage at its terminals. The CHB converter is used to supply

TABLE IV: MMC Parameters

Parameter Value

Snom 500 kVA

cosφ 1

vg,l−l 3.3 kV

ig 87.5A

fg 50Hz

vdc 5.6 kV

Lbr 2.5mH

Csm 2.25mF

fsw,sm 2 kHz

# of submodules 8

idq

DFT
||.||

dq
abc

dq
abciabc

vabc
vdc

idc

DFT
||.||

||Yin|| ||Yout||

YoutYin

vdq
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vp
vCHB

vdcidc
MMC DUT
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Fig. 5. Perturbation injection into an MV MMC and terminal characteristics
measurement.
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Fig. 6. a) magnitude and b) phase of input impedance matrix Yin of the MMC.
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Fig. 7. Magnitude and phase of the output impedance Yout of the MMC.

the MMC either from the ac or from the dc side. Here, the

MMC is operating as a grid-connected inverter and is driven

either to supply the power to the CHB operating as an ac

source or draw the power from the dc CHB. When supplying

the MMC from the dc side the CHB can be reconfigured using

one of the methods mentioned above. While interfaced to the

MMC, from either the ac or the dc side, the CHB is at the

same time driven to inject small-signal voltage perturbations

into the MMC. The signal injected is a wideband pseudo-

random binary sequence (PRBS) signal, namely the PRBS-

12 signal [19], with a generation frequency of fgen = 4kHz
which sets the frequency resolution of the measurement at

about fres = 1Hz. The use of such signals is beneficial

due to the short time needed to perform the injection. This

alleviates the problem of a DUT changing operational point

during the perturbation which can especially happen in grid-

connected applications. Following the perturbation injection,

current and voltage sensors are used to measure the resulting

current response, as well as the voltages at the ac and dc

terminals of the MMC. Subsequently the measurements are

collected and processed. A Discrete Fourier Transform (DFT)

algorithm is performed to extract the frequency components

from the current and voltage measurements. The admittances

are then extracted as

Y (s) =
‖̃i (s)‖
‖ṽ (s)‖

[
∠ĩ (s)− ∠ṽ (s)

]
(1)

where ṽ (s) and ĩ (s) are the small-signal voltage perturbation

and the resulting current response. This process is illustrated

using Fig. 5.

The input and output admittances measured are presented in

Figs. 6 and 7. From Fig. 6 it can be noticed that the diagonal

terms of the input admittance matrix, Yin,dd and Yin,qq, do

not contain a large quantity of noise, whereas the off-diagonal

elements are much less precise. This is due to the fact that the

MMC was operated with power factor of cosφ = 1 resulting

in zero current in the q-axis, meaning it becomes difficult to

discern the response to the perturbation from the simulation

noise. The output admittance was measured using three dc

output configurations presented in this work and it is seen that

all three give notably similar results, which in the end should

be the case as the reconfiguration mode should not affect the

measurements.

V. CONCLUSION

This paper presents the flexible impedance/admittance mea-

surement unit based on the CHB topology. Originally intended

as an ac output converter, the CHB can be reconfigured

to serve the purposes of measuring the characteristics of

the dc systems as well. Depending on the converter voltage

insulation constrains and power handling capabilities several

reconfiguration methods can be applied, that have different

levels of complexity. In terms of control methods, the ac

output methods are effectively applied to the the control of

dc variables, which simplifies the process of changing the

mode of operation of the CHB converter. The use of efficient

control methods permits the CHB unit to perform wideband

signal injection and rapid measurements making it fitting for

applications where the operating point of a DUT can change in

a very short time. The MMC is taken as an example of a DUT

that is supplied from both ac and dc sides by a CHB converter
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while simultaneously injecting small-signal perturbations into

the MMC and measuring the ac and dc admittances. The

solution put forward shows itself as a promising one for

solving the issue of MV impedance/admittance measurements

and an enabling technology for greater and faster integration

of MVac and MVdc applications.
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