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Abstract—The development and integration of power elec-
tronics equipment and converters for medium voltage ac and
dc application has created different subsystem interactions that
require proper investigation, understanding, description and esti-
mation of global system stability through impedance-admittance
measurements 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 and admittance measurement. This paper assesses the
impact that the active converter stage on the input side has on
the output side, where the injection of the perturbation signal is
realized. Models of the input and output converters 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 dg-frame is proposed.

I. INTRODUCTION

The increase in energy demand combined with the advances
in the field of power electronics has been a driving factor
for the development of renewable energy system as well as
extensive placement into service of power conversion devices.
The interaction of different elements in the grid, on one
side leads to the change in power network behaviour that is
becoming increasingly complex and on the other side results
in system instabilities [1], [2]. In order to overcome this
issue and prevent future instabilities, an 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.

Unfortunately, the problem of high-power and medium
voltage (MV) impedance/admittance measurement and system
identification had not yet been fully resolved. Measurements
in MV application require devices capable of operating at an
MV level and injecting a perturbation into an MV system,
while at the same time having sufficiently wide bandwidth in
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order to characterize the impedance over a wide frequency
range. These requirements combined are not easily fulfilled at
the MV level and thus the research performed in this field is
scarce and the devices developed for that purpose are few. The
MYV impedance estimators developed today have either limited
bandwidth, up to 1kHz or feature an output side transformer
in order to step-up the voltage to the MV levels, which in
turn also limits the bandwidth. Still, the demand for such
equipment is growing due to the need to support the devel-
opment 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 [4]-[6] 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), presented in Fig. 1. This topol-
ogy has already been considered in [7], 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. 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 [7], 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
dg-frame. For the purposes of confirming the theoretical state-
space model developed a method to measure the single-phase
output characteristics and represent it in dg-frame is developed
in this work.

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 dg-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 dg-frame
that makes use of single-phase measurements together with
a wideband pseudo-random binary sequence (PRBS) signal.
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 inde-
pendent from each other [8]. The input filter of the cell is the
L-type filter with its parasitic resistance. The rectification of
the input voltage is performed by the three-phase AFE, while
the dc-link serves as an energy buffer from which the output
stage, a single-phase HB, is supposed to inject perturbation
voltages into an unknown network or DUT. The AFE control
system comprises a PLL that performs synchronisation, as it
is essentially a grid-connected converter through the MWT.
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 a wide-frequency
band perturbation injection and impedance measurements.

III. SINGLE CELL MODELLING

A. Active Front End Modelling

Closed-loop modelling of the AFE (cf. Fig. 3a) follows the
state-space modelling approach outlined in [9], [10] and the
intermediate 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-space averaged
model is presented in Eq. (1), where V., D5, DSFE, Iga
and I, are steady-state values of dc-link voltage with duty
cycles and currents represented in dg-frame. To obtain the
open-loop dynamics, the states-space model given in Eq. (1)
can be solved using Eq. (2).

G=C(sI-A) 'B+D 2)

Subsequently the dynamics is represented by Eq. (3). State
and output variables are given in the vector on the left hand
side side, while the input variables are given in the right hand
side vector of Eq. (3).

~ Vo d
v g,dq
1g.dq Yin,o Gio,o Gci,o <
~ - ldc (3)
Vdc Toi,o *Zout,o Gco,o ~
dyq

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. In 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 [11].
Under the current control the output impedance is given as

ZgCC

out,cl —

Zout,o + Gco,o (Gdec - GIPI) Giczl (4)
While closing the dc-link voltage loops the output impedance
becomes

Zdvc

out,cl —

- (I +GEe

-1
co,cl ‘lgl) Z(%\ii,cl (5)

where Ggec, Gh; and GY; are the current controller de-
coupling matrix, current controller PI regulator and voltage
controller PI regulator. AFE with parameters in Table I was
simulated in PLECS and its analytical output impedance from
Eq. (5) was compared to the impedance obtained from the
frequency response (cf. Fig. 4). The result is presented in
Fig. 4 and it shows good match. Several things can be noted
in the impedance shape. The impedance magnitude has a low
value in low frequency range due to a high gain of the PI
controller in the same region. The breaking point at 35 Hz
where the impedance has almost unity gain denotes the end
of the closed-loop dc-link control bandwidth.
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B. Single-Phase Inverter Modelling
MV supply % The single-phase inverter injects precise perturbations into a
DUT, imposing the requirement that the output voltage control
@@@@@ @@ should not be limited by the control loops of the AFE. i.e. by
FTFT ¥ ¥ Single the closed-loop interaction of the AFE and HB. In order to find
%I:I}l?’ 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
|NNNNN| MV device| treated as an ideal voltage source (cf. Fig. 3b). The modelling
under test | is performed in the dg-frame and it follows similar approach as
Phase leg __==_L

T

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

TABLE I: AFE parameters

Vgd =580V  f, =50Hz
Vg q =0V L,=54mH
igqa =41.5A Ry =10mQ
lgq=0A vge = 1.2kV
Kpgee =18 Kjgoc =33
Kpave =14 Kigee = 192

TABLE II: HB parameters

VCc,d = 600V fs = 50Hz
’UCMZOV Lf:1.4mH
o, = 60 A Ry = 100 mS2
ioq=0A  C;=24uH
Kp,lcc =5 Ki,lcc =5
Kp,cvc =1 Ki,cvc =52

the modelling of the AFE. The state-space averaged open-loop
model is given in Eq. (6). Input variables are considered to be
the input voltage vq. and the load current ¢,. State variables are
filter inductor current and capacitor voltage, ¢;, and vc, which
are also output variable alongside with the current on the dc-
side, i%°. The load voltage is essentially the filter capacitor
voltage. The control variable is the duty cycle d"B. The open-
loop dynamics can be solved using Eq. (2) and is represented

by Eq. (7).

:I'L,dq GiL,o ToL,o G’CL,O :”Udc
VNC,dq = GiC,o Zout,o C7"co,o lg,dq (7)
i%c in,o Toi,o Gci,o dgz

The inverter control is performed as well in a cascaded
manner in SRF. The inner loop controls the filter inductor
current while the outer one controls the filter capacitor voltage,
or the output voltage. Under the inductor closed-loop current
control the control-to-output transfer function is given as

1 . . I
Gc(;C,CIZGCmO [I - ( i)I - Gldec)HiGCL,O} Gi’l (8)

While under the capacitor voltage control loop close the

control-to-output transfer function is given as

cve _Glcc [I*( \1317 v )HVGICC }_1 ‘ISI (9)

co,cl™ co,cl dec co,cl

Where G, GY... Gb; and G}, are the current and voltage
controller decoupling matrices and current and voltage PI reg-
ulators respectively, while matrices H are current and voltage

transducer matrices. Moreover, the closed-loop dynamics of
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Fig. 2. Three-phase supplied Active Front End (AFE) interfaced to an HB phase inverter with an LC filter.
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(b) HB with an output LC filter.

Fig. 3. Partitioned CHB cell for input and output stage modelling.
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Fig. 4. Output impedance of the AFE under the input current and output
voltage control loops closed.

the HB-inverter can be represented using the block-diagram
of Fig. 5

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 an 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 Z(‘}Jf o of the active input
element, i.e. the AFE, as depicted in Fig. 6. From Fig. 6 the
dc-side current of the inverter can be defined as in Eq. (10)

and from Eq. (7) the i}, can be obtained as in Eq. (11)

S
V5. — U4
L Ydc C
ifle = ~Sae (10)
out,cl
cve Ve ok cve ¥
ch va clde GCI aVe ,dq + Toi,cllo,dq (1 1)

Plugging Eq. (10) into Eq. (11) gives the vj_ expressed in
terms of vy, as

~S cve Sk cve ¥
Vg Gc1 CIVC ,dq Z ut, clToi cllo,dq

~ c out cl o s s
Vde = dve cve (12)
1+ Zout clYm cl

Replacing 94, in Eq. (7) by Eq. (12) gives the closed-loop
source affected dynamics in Eq. (13).

V. SINGLE-PHASE MEASUREMENTS IN dg-FRAME

The control-to-output characteristics G¢i, of the inverter
in the dg-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 dg-
frame. Instead, an approach in which the measurements from a
single-phase system are transferred into the dg-frame needs to
be devised. For this purpose, a measurement and verification
process based on creating two orthogonal systems is used.
The first system is the a system while the orthogonal is the
B system created through converter control.
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Fig. 5. Closed-loop dynamics of the HB inverter with cascaded inductor
current and capacitor voltage control.
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Fig. 6. HB with an output LC filter and internal source impedance.

A. Control-to-Output Characteristics
The Gg¥7, is defined as

Dcd 0q
Sk

Cq

cve
co,cl

(14)

UCq

To extract the frequency response of G¢t,, the process needs

to be performed with two sets of voltage measurements, and

thus it can be uniquely determined.
as

Geye, can be calculated

-1

Ucd1 Ucd2| [08a1  U8ap

cve
co,cl —

15)

= ot Tk K
UCq,1 VCq2| |VCq,1 YCd,2

Moreover, [Ucd,1,0cq,1] and [0ca,2,Ucq2] are linearly in-
dependent as well as [0¢ 1,08, 1] and [0¢4 9, U o) The
perturbation can be injected directly in the reference voltage
V& aq 0 the control system, but the response can only be
measured on the inverter terminals in the single-phase system.

B. Wideband Perturbation Injection

An extensively used method in system identification mea-
surements is the sine sweep method requiring one by one
frequency small-signal perturbation injection and collection of
responses, 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 characteristics measured
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. Lately, the PRBS signals (cf.
Fig. 7) have seen substantial use for system identification and
impedance measurement [12]-[14]. 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. What is common for measurements in
[12]-[14] is that they are performed in dc or three-phase ac
systems after which the results are represented in dg-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 dg-
frame is presented. Measurement process of Gl requires
two perturbation injections and two measurement sets. First
perturbation is injected into the d-axis voltage reference, while
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the g-axis perturbation is kept at zero value. For the second
injection, the opposite holds. Thus the perturbation matrix
P (t) in the dg-frame is designed as

p(t) 0
0 p()

Upd,1 Upd,2

P(t) = =

Upq,1  VUpq,2

(16)

where the p(t) is the PRBS signal in time domain, and the
perturbation is injected into the voltage reference V¢ 4.
The idea behind the single-phase measurement of GZY¢, in
dg-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:

To — c0§ 0, sinfg
—sinf, cosb,
(17)
Tél _ c?s s —sinf,
sinfy  cosf,

While for the orthogonal system all the transformations and
its inverse in the control algorithm are rotated by 7 and are
given as:

T = cos (05 — %) sin(0s — F) _ |sinfs  —cos0;
—sin (0, — 5) cos(fs — F) cosfs  sinfy
-1 | sinfs  cos0Os
© 7 |—cos 0s sinf,
(18)
where 0; = wst. 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

while the orthogonal one will provide v g. The two voltage
measurements are then combined and transformed into their
dg-frame counterparts, thus effectively providing a way to
perform single-phase measurements in dg-frame. Once the
measurements are obtained one needs to extract the frequency
spectrum of the measurements using discrete Fourier Trans-
form (DFT) algorithm upon which the equation Eq. (15) can
be applied.

VI. SIMULATION RESULTS

The performance of the proposed modelling and mea-
surement method is put under test using PLECS simulation
environment. A 5kHz PRBS-12 signal is injected into the
output voltage reference in the converter control system and
the resulting output voltage is measured. In order to investigate
the effect of presence of an active element in the cell, two types
of CHB cell were simulated. The first cell type is a standalone
HB-inverter with an ideal voltage source as an input, while in
the second case the AFE control system controls the capacitor
dc-link voltage which serves as an input voltage source to the
HB-inverter. In both cases, the HB-inverter is operating with
parameter give in Table II. The set of result is provided in
Fig. 9 where the d- and g-axis control-to-output characteristics,

cocl» Of the HB-inverter are given. From the presented
frequency response it is noticeable there is either slight or no
difference between the analytically predicted control-to-output
characteristics and the simulation measurements. Moreover, by
comparing Figs. 9a and 9¢ with Figs. 9b and 9d it is observed
that the presence of the AFE on the input side does not lead
to limitation on the output dynamics of the HB-inverter and
that the two are perfectly decoupled. These results permit to
continue future impedance / admittance measurement analysis
using CHB converter without being concerned by the impact
of the AFE on the output of the CHB.
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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
methodically through analytical modelling and simulations.
This type of measurement can successfully be performed in
dg-frame by combining two orthogonal single-phase systems
whose response is represented in the dg-frame. 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 measured system changing state while
being measured. These, first results are vital for the develop-
ment of the full scale converter as it confirms its viability in
terms of the output voltage quality and control bandwidth.
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