2708

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 37, NO. 4, DECEMBER 2022

DC-Side Impedance Estimation of a Modular
Multilevel Converter Through System Identification
of a Partially Black-Boxed Control System

Mehrdad Nahalparvari
Ilka Jahn"®, Member, IEEE, Luca Bessegato

and Hans-Peter Nee

Abstract—The stability of a power electronicssystem can be
assessed by means of the impedance-based stability criterion.
Impedance modeling is a useful tool to analyze the effect of dif-
ferent circuit parameters and control schemes on the behavior of
a converter. Modeling the input impedance of a power electronics
converter is often successful when having full knowledge of the
converter topology, the circuit parameters, and the parameters and
implementation of the control system. However, due to the propri-
etary nature of voltage source converter-based high voltage direct
current systems, their exact control structure is often concealed.
This complicates the calculation of the impedance of a modular
multilevel converter, known for its complex internal dynamics. This
paper proposes a method to estimate the impedance of a modular
multilevel converter with partially black-boxed converter control.
A discussion on partitioning the control system into open and closed
parts is made, and the results are verified with simulations in time
and frequency domains.

Index Terms—Black-box, converter control, frequency-domain
analysis, harmonic linearization, impedance modeling, modular
multilevel converter (MMC), stability, system identification.

I. INTRODUCTION

OLTAGE source converter (VSC)-based high voltage di-
V rect current (HVdc) transmission allows low-loss transfer
of bulk power over long distances and interconnection of asyn-
chronous ac grids [1]. To date, the converter stations of nearly
all the existing VSC-HVdc systems in operation are provided by
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single vendors. These systems are anticipated to interconnect in
the future and form a supergrid [2]. Itis fair to assume that in such
an event, converter stations designed by different vendors would
need to be interconnected. The behavior of these converters is
mainly impacted by their circuit design and control systems, the
specifics of which are almost always proprietary and protected
by intellectual property (IP) rights [3].

HVdc systems are prone to control interactions requiring
careful investigation into causes and measures of mitigation [4],
[5]. In multi-vendor HVdc systems, the legal difficulties for
vendors to exchange information and expertise complicates the
analysis into the root causes behind the control interoperability
issues [6]. This is troublesome for the transmission system
operator as the owner of the HVdc converters and the responsible
party for power delivery and system maintenance. So far, the
practice has been to seek assistance from an independent party
that may be given access to the proprietary information but is
not allowed to disclose any to either vendor. The independent
party then has to collaborate closely with the vendors to find
and alleviate the issue(s) [7]. This procedure is cumbersome and
time-consuming as close collaboration with an individual vendor
while coordinating with another runs the risk of unintentional
IP disclosure.

Harmonic stability of a power electronics-based system, in-
cluding VSC-HVdc, can be studied using several tools, one of
which is the impedance-based stability criterion [8]. To this end,
the system is partitioned into a source and a load subsystem
modeled by their input and output impedances, and the system
stability is assessed via the ratios of these impedances. For an ac-
curate stability assessment, either accurate measurement of the
input impedance of the converter at its terminals or an accurate
model of the converter input impedance is required. Impedance
modeling is a useful tool that although initially time-consuming,
allows computing the impedance under various circuit and con-
trol parameters instead of a fixed set of parameters at a single
operating point.

Research in impedance modeling of VSC-based HVdc sys-
tems and modular multilevel converters (MMCs), which are the
state-of-the-art in such technology [9], is abundant [10]-[17].
Nevertheless, without full knowledge of the control system
implementation and the main circuit parameters, the impedance
cannot be modeled accurately. A few attempts have been made

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-1136-581X
https://orcid.org/0000-0001-5919-2308
https://orcid.org/0000-0002-0579-2639
https://orcid.org/0000-0001-8891-5659
https://orcid.org/0000-0002-5013-3106
https://orcid.org/0000-0002-8565-4753
https://orcid.org/0000-0002-1755-1365
mailto:mnah@kth.se
mailto:asoodar@kth.se
mailto:norrga@kth.se
mailto:hansi@kth.se
mailto:ilka.jahn@eonerc.rwth-aachen.de
mailto:lucabe@kth.se
mailto:olivier.despouys@rte-france.com
https://doi.org/10.1109/TEC.2022.3175802

NAHALPARVARI et al.: DC-SIDE IMPEDANCE ESTIMATION OF A MODULAR MULTILEVEL CONVERTER THROUGH SYSTEM IDENTIFICATION

to derive the impedance model without prior knowledge of
the control system. In [18], a gray-box method is presented
to estimate the assumed unknown control parameters of the
control system of a wind energy conversion system, and mitigate
the arising instability issues. While the parameter estimation is
beneficial, an impedance transfer function estimation does not
add value as the stability can also be assessed using the measured
impedance values without the need for a transfer function.
In [19], a novel transfer learning method based on artificial
neural networks is presented with an aim to adapt the impedance
of a known VSC system to a different but related system. An
accurate model is obtained with an insignificant error, which is
capable of estimating the impedance at various operating points.
Reference [20] presents a method for parametric identification
of the impedance from time-domain data, which mitigates the
coupling effect of the grid impedance introduced by impedance
modeling in the dg-frame. In all of the above, it is assumed that
the control system implementation of the VSC is fully known,
but the controller settings are sometimes unspecified.

In industrial HVdc projects, the transmission system operator
has full knowledge of the converter topology and parameters
and limited or no knowledge about the converter control system
implementation and its parameters. In particular, in multi-vendor
installations, the suppliers are reluctant to disclose their entire
control system structures as this information essentially gives
them the competitive edge over other involved suppliers. Nev-
ertheless, it is conceivable that some (high-level) outer control
loops of the converter control systems can be designed or treated
as open blocks [21].

A proposed approach to study control interoperability is
to divide the converter control system into open and closed
parts [22], [23]. Thereafter, the proprietary information, which
includes vendor IP, is placed within the closed segment, and
more generic controllers are released as open blocks. This would
provide a degree of freedom for the system operator to run
control interoperability studies while reducing the risk of vendor
IP disclosure. In general, the innermost control blocks (modu-
lation techniques, current controllers, etc.) contain the highest
degree of innovation of which the vendors are most protective.
These blocks can remain within the closed-source (black-box)
part of the control system, whereas the outermost high-level
control loops (dc voltage, power control, etc.) intended mainly
as system-related control functions may possibly be disclosed,
designed, or tuned independently.

Research on system identification of three-phase VSCs for
control and stability assessment purposes is scarce. This paper
attempts to fill this gap. Compared to the state-of-the-art in the
literature, the novelty and original contributions of this work are

e applied subspace-based system identification on a partially

black-box converter control system,

¢ dc-side impedance model estimation for a modular multi-

level converter with black-box control components,

® investigation into the effect of the outer loop (open blocks)

control parameters on the dc-side impedance without the
need for additional frequency sweeps,

¢ and verification of the proposed method by means of sim-

ulations.
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A method is proposed to estimate an impedance model for
a modular multilevel converter in which a part of the control
system (structure as well as parameters) is black-boxed. A com-
bination of input/output measurement and system identification
is used to estimate the transfer functions of these control stages
and incorporating them within the impedance model of the
known system. In doing so, information about the black-box
control blocks is extracted and used in tuning the open control
system with the aim of tackling interoperability issues. This
has the benefit of calculating the converter impedance with a
high degree of accuracy while keeping the intellectual property
and the exact implementation of the black-box control blocks
intact. Finally, in a case study, the usefulness of the proposed
approach in handling harmonic stability issues in a back-to-back
MMC-based VSC-HVdc system is demonstrated.

The paper is organized as follows: Section II describes the
converter dynamics and discusses conventional control design
and how the converter control is partitioned. Section III explains
the methods of system identification for the black-box control
system considered in this work. Section IV describes the deriva-
tion of the estimated dc-side impedance model and discusses
the effect of outer loop design on the impedance of a modular
multilevel converter with black-box control components. Sec-
tion V presents and discusses the results of the study, and finally,
Section VI draws conclusions based on the results.

II. SYSTEM MODEL

The MMC for ac/dc conversion comprises three phase legs
with two arms within each leg. The converter arms consist of a
(large) number of cascaded submodules and an arm inductance
designed to prevent high transient currents and reduce harmonic
distortion. A half-bridge submodule consists of two semicon-
ductor switches with anti-parallel freewheeling diodes and a
capacitor C'sy. Fig. 1 shows the topology of an MMC in which
R and R, denote the arm resistance and grid resistance, respec-
tively, L and L, denote the arm inductance and grid inductance,
respectively, and v, j,] € {a, b, ¢}, the upper- and lower-arm
voltages of the three phases. Some of the system parameters,
if not given, can be estimated. For instance, the arm inductance
dominates the high frequency input impedance [17] and thus, its
value can be approximated by injecting high frequency pertur-
bations. The arm capacitance can be approximated using either
the second-order harmonic ripple of the capacitor voltages [24],
or by data driven methods [25]. In this paper, full knowledge
of the converter circuit structure and parameters has been as-
sumed, and only parts of the control system have been treated
as a black-box. Throughout the text, a per-phase modeling ap-
proach is taken where the subscript indicating specific phases is
dropped.

A. Converter Dynamics

A continuous-variable dynamic model of the MMC is
adopted, which neglects the switching operations and assumes
balanced submodule capacitor voltages within an arm [26].
Thus, the dynamics of the MMC arm current can be obtained
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Fig. 1. Grid-connected modular multilevel converter (MMC) topology. A
half-bridge submodule configuration is shown as an example.

using Kirchhoff’s voltage law as

diy, , . di

LE :_Rlu+vdu_vu_vg_RgZS_L9E (1)
di . . dis

LE = —Ri; + v — v + vy + Ryis + LQE » o (1b)

where 7,, (7;) is the upper (lower) arm current, ¢4 is the ac-side
current, vg, (vgy) is the upper (lower) dc-side voltage, e is the
point of common coupling (PCC), and the grid voltage is defined

as
vg =vg1cos[0(t)] with 0(t) =wit =27fit, (2)

and f1 (wy) as the (angular) fundamental frequency. Assuming
Vg = Vg = V4c/2, adding and subtracting (1a) and (1b) yields

L di R .
<z”g) a (z*Rf’) A
di, . Vde
L— c= 5 T Uc,
I + Ri > v (3b)
with
US:_U“TMandUC:U“TM’ )

where v, is the voltage driving ac-side current 75 and v, the
voltage driving the circulating current 7.
The arm voltages can be described as

&)

where n,, ;, the (upper and lower arm) insertion indices, are the
outputs of the control system which are computed by closed-loop
control, and vgu, ; are the (upper and lower arm) sum capacitor
voltages.

b
Vu,l = n"vvau,l )

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 37, NO. 4, DECEMBER 2022

. is,dq €dq

Vdc ¢ ¢ v:,i

" > Dc-Bus Voltage i ¢

dey | Control QY i

P -

I:T> Active Power | ¢ - |vil g
i Control AcSide > = | n,, 2
= ¢ Current = )
a3} edT Ac-Bus Voltage .. | Control 3 4
g —»| Control | L%, &} A

* 5
L Q - % 3 I\r/’IlMC
2 0 > Reactive Power = H ant
g AN Control . H:: n E
2 Led x| 2 —L ”5
€dq —» Circulating [ V¢ | £ ]
7€_> Phase-Locked —»  ;* Current [~ § =
Loop 9 “4y]  Control —
Tu,l i.s,dq
Plabe / > .
9 Aq le,dg Le,dq
—>| —

Fig. 2. Conventional control of MMC-based VSC. Closed-source blocks
within the converter control are shown in dark gray and the open control system is
shown in yellow. Black-box system identification is applied to the closed-source
blocks.

Assuming balanced capacitor voltages, the expression de-
scribing the dynamics of the sum capacitor voltages can be
obtained using the relationship between the instantaneous power
and the stored energy in the arm [26] as

N .
vgw = C—SM /nu’ﬂu’ldt + 11(2;0, (6)

where N is the number of submodules and ”go is the initial sum
capacitor voltage.

B. Converter Control

MMC control is often implemented in a cascaded manner,
with outer control loops setting the reference for the inner loops,
as shown in Fig. 2. For instance, it is common practice that
inner current controllers are nested within the outer voltage or
power control loops [27]. The outputs of the inner control loops
are then modulated to generate the switching signals applied to
the converter. Due to their effective high-frequency nature in
HVdc systems, the modulation and balancing algorithms have
little impact on the average behavior of the converters [28]
and, consequently, the control interactions which can emerge
in multi-vendor converter installations. Therefore, these stages
have been disregarded in the modeling in this work. In addition,
the MMC topology requires an additional current controller to
suppress the second-order harmonic circulating current, which
has a strong impact on the MMC impedance. A phase-locked
loop (PLL) estimates the angle of the voltage at the PCC, used
in Park and inverse Park transformations in the control system.

The effect of different control schemes on the small-signal
stability of the modular multilevel converter has been a topic
of extensive research [29]-[31]. The dynamics of a few typical
outer control loops are described below.

1) Dc-Bus Voltage Control: The dc-bus voltage is controlled
via a proportional-integral (PI) controller. The controller sets the
current reference 4%, to

cx kl v *
lsqg = (kpﬂ) + 87> (vdc - vdc) ) (7)
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where k), ,, and k; ,, denote the proportional and integral gains
of the controller, respectively.

2) Ac-Bus Voltage Control: The magnitude of the ac-bus
voltage can be controlled by reactive power compensation. The
controller sets the g-component current reference to

it = (kp,w + ks“) (2 -¢). ®)

where é = €7 + €.

3) Active Power Control: The active power controller sim-
ilarly sets the d-component of the ac-side current reference.
Accordingly the dynamics are defined as

% ki.a
lsqa = <kp-,a + :

) (P*=P), ©))
5

where k), , and k; , denote the proportional and integral gains
of the controller, respectively, and P is calculated via

P = §6d’i5d. (10)

4) Reactive Power Control: The reactive power controller
sets the current reference i3, to

ks

i = (kp + S) (@ - Q). (1)
where () is calculated as
3
Q = _iedlsqa (12)

and k,, and k; , denote the proportional and integral gains of
the controller.

C. Control System Partitioning

As discussed above, each converter station includes multiple
control loops, which are strongly coupled, making the HVdc
system susceptible to control interactions [32], [33]. Moreover,
multi-vendor control interoperability is also of concern given
the fact that many existing single-vendor HVdc installations
may need to be extended to form multi-vendor systems in
the future [6]. Methodologies to identify and mitigate con-
trol interactions have been developed and investigated in the
literature [18], [30], [34]. Analyzing the stability of internal
converter control loops in the control design stage serves a useful
purpose as it attempts to ensure that harmonic instabilities do
not occur due to incorrect tuning of the inner control loops [35],
[36]. Nevertheless, harmonic stability can mainly be evaluated
analytically if full knowledge of the control system is rendered.
In the context of stability assessment, impedance modeling is
more efficient than impedance measurement as a model provides
the opportunity to directly assess the impact of different system
and control parameters on the impedance without the need for
further frequency scans. Therefore, system identification of the
black-box controllers proves relevant and useful for impedance
modeling in cases where parts of the control system are black-
boxed.

Analysis of the effects of different control loops on converter
stability and impedance is a prerequisite to partition the control
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system. Several papers have analyzed the impact of different
control schemes on the impedance of the MMC [14], [17],
[301, [35], [37]. In [37], it is shown that the impact of inner
current control loops on the dc-side impedance of an MMC is
minimal compared to that of the outer loops. To demonstrate the
impedance estimation method in this study, the ac-side current
control, the circulating current control loop, and the insertion
index calculation block are treated as a multiple-input multiple-
output (MIMO) black-box system, and an attempt has been made
to estimate the transfer function of this MIMO system by means
of input/output measurement and system identification. Subse-
quently, the estimated transfer functions of the now assumed
proprietary part of the control system have been incorporated
in the impedance model of the converter seen from the dc-side.
The method can as well be applied to other black-box control
systems than those considered in this work.

D. Assumptions and Approach

In impedance measurement of VSCs, it is standard practice to
superimpose a perturbation frequency on the (dc or ac) terminal
voltage or current and measure the response of the applied pertur-
bation under frequency sweeps of the perturbation source [38].
The MMC is a nonlinear system with complex dynamics. A
perturbation frequency superimposed on any converter variable
induces oscillations at the same or different frequencies on other
converter and control variables. E.g., applying a perturbation
frequency f, on the dc-bus of an MMC induces harmonics
at f ={mf, £nfi},m € N,n € Z on converter and control
variables.

If a stiff three-phase ac grid is assumed, the dynamics of
the ac grid and the phase-locked loop do not affect the dc-side
converter impedance [17]. However, in case of a weak grid,
the dynamics of the PLL become relevant. The design of PLL
is also often proprietary. Here, it is assumed that the PLL is
black-boxed and only the angle estimate of the PCC voltage
is available. With these premises, the inputs of the assumed
black-box control system are the ac-side and circulating currents
in the synchronous reference frame, is 44 and i. 44, and their
references, and the outputs are the computed insertion indices
Ny, Tespectively, see Fig. 2. In impedance modeling in the
frequency domain, it is sufficient to consider the variables in
a single arm, e.g., the upper-arm of phase a, because of the
symmetry of the MMC topology. Thus, the output of the MIMO
black-box system is defined as 7.

As an example, Fig. 3 shows the ac-side currents iy 44,
the circulating currents . 44, the upper arm phase a insertion
index n.,4, and their harmonic spectra when a perturbation
frequency of 106 Hz is superimposed on the dc-side voltage.
As seen in the figure, the major perturbation frequency com-
ponents of the currents i 44 and i. 44 are at fy,, and the most
significant perturbation frequency components of n,, are at
f= Ao frfp£2h1,. ),

Picking a handful of these frequency components provides an
impedance model with good accuracy [17], [30]. Thus, in this
work, the black-box system inputs are considered and assessed
at f, and the outputs at f, £ f; and f,, = 2 f;. Considering the
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of fp = 106 Hz on the dc-bus. Harmonics are stacked on top of each other.
The y-axes are in per unit. The steady-state frequency components at dc and
multiples of the fundamental frequency are omitted for better visualization.
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Fig. 4. Partitioning the control system into open and closed source blocks in
the frequency domain model.

above, the control system can be partitioned in the frequency
domain as shown in Fig. 4.

To identify the transfer function of the MIMO black-box
control system, its inputs and outputs are measured while a
perturbation frequency is injected on the dc-side of the converter.
The arm currents are normally monitored in HVdc systems and
the outputs of the assumed black-box system can be obtained
directly from (5) if the arm and sum capacitor voltages are
measured, or indirectly via (la) with an error linked to the

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 37, NO. 4, DECEMBER 2022

accuracy of the values of arm inductance and resistance. There-
after, the measured inputs (currents) are transformed into the
synchronous reference frame using Park’s transformation which
requires the PCC angle estimate. A discrete Fourier transform
is performed on the currents in the dg-frame and the insertion
index n,,, to obtain their frequency responses during impedance
measurement at relevant frequencies.

The open control system can be designed vendor-
independently. The outputs of the open control system dg
and i;dq, as shown in Fig. 2, are assumed to be accessible and
measurable. Thus, as seen in Fig. 4, the frequency components of
Al gq(jwp) and Al gq(jwy), the true inputs to the black-box
control system can be calculated. In case the outputs of the open
control system are not accessible, the converter can be operated
in constant power mode, i.e., constant P* and @Q*, for which
I7 4, (Gwp) = 17 4, (jwp) = 0 for wy, > 0, and thus Al 44(jwp)
and Al gq(jwp) can again be calculated. Having measured
the inputs and outputs of the black-box control system in the
frequency domain, system identification algorithms can be used
to estimate the MIMO transfer function. Section III discusses
a method of system identification for the black-box part of the
control system.

III. BLACK-BOX SYSTEM IDENTIFICATION

A black-box system provides no physical insight into the rela-
tionship between its inputs and outputs. Thus, system identifica-
tion of black-boxes is inevitably a process of data fitting rather
than precise modeling. Assuming that input-output data of a
black-box system are available, classical prediction error-based
or subspace-based system identification methods can be applied
for system estimation [39]. Subspace-based system identifica-
tion does not require explicit parametrization, does not involve
nonlinear optimization, and is non-iterative.

System identification of MIMO systems using samples of
frequency response data has been studied in detail since the
90’s [40]. Non-iterative subspace-based system identification
algorithms can estimate linear state-space models from fre-
quency spectra of inputs and outputs [41], [42]. Since the MMC
system is excited by periodic perturbations during the impedance
measurement, Fourier transforms of the inputs and the outputs
of the black-box system can be obtained with high quality.

The estimation of a rational transfer function G(jw&k) IS
CP*™ involves minimizing

M

DIV = GGws k) U3
k=1

13)

where U, € C™ are the measured inputs, Y; € CP are the
measured outputs, and w; , € RT are the angular frequencies at
which data is measured.

The subspace-based system identification can be applied to
minimize (13) [41]. The identification algorithm estimates state-
space matrices { A, B, C, D} of the state-space representation of
the linear black-box system

X(k+1)=AX(k)+ BU(k) AeR"*"=
Y(k:) = CX(k) + DU(k) D € R™w*nu

(14a)
(14b)
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from which the transfer function of the black-box system can be
obtained by

G(s)=D+C(sI — A)* (15)

where I is the identity matrix of appropriate dimensions, 1, 1
and n, denote the number of input, output, and state variables,
respectively, and s is the Laplace variable.

The subspace-based identification algorithm determines the
state-space matrices noniteratively. To this end, a desired integer
model order n and an auxiliary integer model order ¢ is assumed
for the system such that ¢ > n. Let us define auxiliary input
U, € C?*# and output Y, € C?** matrices as

U Us U.
jws,lUl jws,QUQ jws,zUz
Ug = . .
| (Jws,1)T UL (Jws,2)? U (jws,2)T U,
(16a)
[ Y1 Y, Y.
jws,lyl jws,2Y2 jws,zY—s,z
Yq = )
_(jws,l)q71Y1 (jws,Z)q71Y2 (jws,z)qilyvs,z
(16b)

where z denotes the length of the sampled data. An orthogonal
projection HqL is utilized such that UquL = 0. The singular value
decomposition of the Hankel matrix Y, II can be defined as

1 0
0

‘/1T

o (17)
2

VI =[50 8]

where S and V' are unitary matrices of appropriate dimensions
and ¥ is a diagonal matrix.

Subsequently, the system matrices A and B can be obtained
as

A= (1151758, (18a)
C = I35 (18b)
where
Ji=[Ig-1p O(g-1pxp)] (192)
Jo = [0g-1)pxp L(g-1)p] (19b)
J3=[I, Opx(g—1)p) (19¢)

and I; and 0;, ; denote the 7 X 7 identity matrix and 7 X j zero
matrix, respectively.

Having estimated Aand C, matrices B and D can be estimated
by solving a least squares problem of the form

M 1 2
B, D=arg ming p, E

k=1

Yi—(D+C (jws,kI—A) B)U,

F
(20)

b
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Fig.5. Configuration of the dc-side impedance measurement setup for a single
converter unit employing current control.

where F' denotes the Frobenius norm. The estimation can be
improved by iterating the least squares problem [43]. Having
obtained the estimated state-space matrices {4, B, C, D}, the
transfer function of the black-box control system can be found
by simply using (15).

IV. IMPEDANCE MODELING

To model the dc-side impedance of the converter, the har-
monic responses of the converter and the control variables are
calculated assuming that a small-signal perturbation voltage
with an amplitude of e, and a frequency of f, is superimposed
on the dc-bus voltage, see Fig. 5. Applying this perturbation
frequency component induces oscillations at the same frequency
in the converter variables. Multiplication of the converter vari-
ables in time domain in (5) and (6) leads to a combination
of frequency components through addition and subtraction in
the frequency domain [16]. The most significant of these har-
monic responses appear at a combination of the perturbation fre-
quency [, and multiples of the fundamental frequency m f1, i.e.,
f = fp+mf1,m € Z. Thus, to obtain an accurate frequency
domain model of the system, converter and control responses
need to be evaluated not only at f,, but also the whole range
of the affected harmonic spectra. To keep the complexity of the
resulting impedance model at bay, m < 3 is assumed in this
work. The capitalized letters indicate the Fourier coefficient of
the (converter and control) variables.

A. Response of the Phase-Locked Loop

Considering a weak grid on the ac-side of the converter makes
the dynamics of the PLL relevant. Thus, its response to the dc-
side perturbation needs to be calculated. The PCC voltage can
be obtained via Kirchhoff’s voltage law as

dig
ezvg—&—qut

The Fourier coefficient of the ac-side current 75 is equal to
that of the difference of the upper- and lower-arm currents, i.e.,

I(f) = Lu(f) = L(f) - (22)

In [30], it is shown that differential-mode components of
upper- and lower-arm currents will flow to the ac-side. Arm
currents have differential-mode components at w, & w; and
common-mode components at w, and w, &= 2w;. Thus, the
perturbation frequency component of the ac-side current can

+ Ryis . 21
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(¢
PLL (),

Fig. 6. Block diagram of PLL for frequency-domain analysis.

be obtained as

Is(jwp) =0 (23a)
Is(jwp % jw1) = 201, (jwp + jw1) (23b)
I (jwp £ j2w1) =0. (23¢)

No perturbation frequency component appears at the (stiff) ac
grid voltage v,. Therefore, the Fourier coefficient V is equal to
zero at all perturbation frequencies. Accordingly, perturbation
frequency components will appear at the PCC voltage as

E(jwp & jwi) = [j(wp £w1)Lg + Ryl

s(Jwp £ jw1)
= 2[j(wp £ w1)Lg + Ryllu(jwp £ jw1) -

(24)

The PLL is assumed to be a black-box with only its output,

the estimated angle 0, available, see Fig. 6. We define
a=cos(¥) and b=sin(d). (25)

From Park transformation, the dg-components of the PCC volt-
age can be obtained as

eq=¢eqa+egb eq=ega—eyb. (26)

Frequency-domain analysis of Clarke transformation indicates

the existence of differential-mode components
E,(jwp £ jwr) = E(jwp £ jwi) (27a)

Eg(jw, + jwr) = FIE(jw, £ jwr) . (27b)

Thus, from (26), the Fourier coefficients F; and F; can be
obtained as

Eq(jwp) = Ea(jwp — jwi)A(jw1) + Eg(jwp — jw1)B(jwi)
+A(jwp—jwi) Ea(jwi) + B(jwp —jwi1) Eg(jw1)
+ Eo (jwp+jwr) A(jwr) + Es (jwp+jwr) B(jwr)

(

+A(jwp+jw1) Ea (Jw1)+B(pr+Jw1)Eﬂ Jwr)
(28a)

Eq(jwp) = Eﬁ(jwp_jwl)A(jwl)_Ea(jwp_j‘“’l)B(le)
+A(jwp —jwi)Eg(jwi) — B(jwp— jwi) Ea (jw1)
+Eg(jwp+jw1)A(jwr) — Ea(jwp+jwi) B(jwr)
+A(jwp+jwi) Eg(jwi) — B(jwp+jwi) Ea (jw1)
(28b)

Perturbation frequency components A(jw), A(jwp £ jwi),
B(jw1), B(jw, £ jwi) and steady-state components of the
PCC voltage in the alpha-beta frame can be computed
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following the perturb-and-measure of quantities ¢ and b, and
post-processing them to obtain their Fourier coefficients at the
relevant frequencies.

B. Response of the Converter Variables

For the converter variables, i,,, v,,, and v(gju, the harmonic
responses to the applied perturbation are calculated at jw,y,.
The rest of the expressions for other frequencies (including the
steady-state frequencies) are given in [17].

1) Converter Currents: The response of the upper-arm phase
a current to the applied perturbation can be calculated from (1a).
As seen in Fig. 5, vg,, (the upper dc-side voltage) has a Fourier
coefficient Vg, (jw,) = 81’/ 2 at the perturbation frequency. No
perturbation frequency appears at the ac grid voltage, thus the
Fourier coefficient of v, is equal to zero at all frequencies.

Considering all the above, the Fourier coefficient of 4, at wy,
can be calculated as

€ .
JwpLl,(jwp) = —RI,(jwp) + Zp — Vau(jwp) , (29)
and rewritten as
. ep/4 — Viu(jwy)
I Y= P = uMTP)
u(jwp) oyl + R (30)

The impact of the grid impedance is thus captured in the
differential-mode perturbation components of arm currents as
—Vau(jwp + jwr)
jwp(L+2Lg) + R+2R,’

and the Fourier coefficients of 7, at jw, & j2w; can be calcu-
lated as

Lo (wp £ jur) = (31)

—Viu(jwp £ j2w1)

I, (w, £ j2w;) = ,
(Juop & j21) jw,L + R

(32)

Similar to (28), the responses of ac-side current in the dg-
frame to the applied perturbation can be obtained as

Isd(jwp) = Isa(jwp_jwl)A(jwl) =+ ISB(ij_jwl)B(jwl)
+ A(jwp —jw1)Isa (jw1) +B(jwp —jwi) Lsp(jw1)
+Isa(jwp+jW1)A(jw1)+185(jwp+jwl)3(jwl)

+A(Jwp+jwi) sa(jwi) + B(jwp+jw ) Isp(jwr)
(33a)

Lsq(jwp) = Lsp(jwp—jw1) A(jwr) — Lsa (jwp —jw1) B(jwi)
+A(jwp — jw1 ) Lsp(jwr) — B(jwp — jwi ) Isa (jwr)
+1ap(jept+iwr) Aljwr) — Lea (jwp+ 5w ) B(jwr)
+A(jwp+jwn) s (jwr) — B(jwp+jwn) Lo (jwr)
(33b)
where
Lsa(jwp £ jwr) = Is(jwp £ jwr)
= 21, (jwp £ jw1) (34a)
Isg (jwp * jwi1) = Fjls(jwp £ jwr)

= Fj2I,(jw, £ jwr) . (34b)
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The circulating currents have a dominant negative sequence

double line frequency component. We define
g =cos(—20) and h = sin(—27), (35)

used in Park transformation of the circulating currents.

The responses of the circulating currents in the synchronous
reference frame to the applied dc-side perturbation is also cal-
culated similarly as

Tea(jwp) =Iea(jwp—j2w1) G (j2w1 ) +Lep (jwp—i2wi ) H (j2uw))
+G(jwp—j2wi)lea (j2w1)+H (jwp —j2wi) Lep(j2wr)
Lo (jwp+52w1) G (j2w1) +1ep(jwp+52w1 ) H (j2w1)

+G (Jwp+52w1)ea (j2w1) + H (jwp+52w1 ) Lep (52w )
(36a)

Icq(jwp) =1 (jwp_jQ‘Ul)G(jzwl) —lea (jwp—jle)H(jle)
+G (Jwp —52w1)1ep(52w1) — H(jwp —52w1) Lea(52w1)
+1ep(jup+72w1) G (52w1) = Lea (jwp+52w1 ) H (52w1)

+G(jwp+j2wl)10ﬁ(j2wl) *H(jwp+j2wl)fca(j2wl)

(36b)
where
Lo (Jwp £ j2wi) = I (jwp £ j2w1)
= L (jwp £ j2w1) (37a)
Lep(jwp £ j2w1) = £j1c(jwp £ j2w1)
= +j1,(jwp £ j2wn) . (37b)

2) Arm Voltage: From (5), the perturbation frequency com-
ponent of the arm voltage at jw,, can be derived as

Vu(jwp) = Vc;u(jwp)Nu(O) (]wp Vi u( )

+ V&, (jwp — jwr) Ny (jwr

)
)
+ Ny (jwp — jwi) Ve, (jwr)
+ Ve, (Gwp + jw1) N (jwr)

V&, (w1

+ Ny (jwp + jw1) Ve, (jwr

+ Ny (Jwp — ]le)VCu(]le)
+ Ny (jwp + jle)VCu(ijl) (38)

where the multiplication in the time domain has translated to
the convolution of V%, and N, in the frequency domain. The
bar denotes the complex conjugate operation. The steady-state
frequency component V2 (j2w,) is calculated as

. Iu(jwl)Nu(jwl)
Ve (j2w,) = e 39
Cu (.] Wi ) jwt C ) (39)
while the rest of the steady-state frequency components are given
in [17].
3) Sum-Capacitor Voltage: Inasimilar fashion, the perturba-

tion frequency component of V%, at jw,, is calculated using (6)
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as

1

Vi, (jwp) = GG L. (jwp) Nu(0) + Ny (jwp) I.(0)

+Iu(jwp_jw1>N( )
+ Nu(jwp = jwr) Lu(jwr)
+Iu(jwp+jw1)N( )

"‘Nu(jwp +jw1)lu(jwl) (40)

C. Response of the Control Variables

The response of the outputs of the open control system com-
prising the dc-bus voltage control, the active power control, and
the reactive power control to the applied perturbation is analyzed
in the frequency domain.

1) Dc-Bus Voltage Control: From (7), the response of 77, to
the applied perturbation can be calculated as

e ki
I Guwy) = —2 (), + 2w )
sd(]wp) 2 <p7 +pr)

2) Ac-Bus Voltage Control: The perturbation frequency re-
sponse of i3, can be calculated from (8) as

I;q(jwp) = —2(Ea(0)Ea(jwp) + E4(0)Eq(jwp))

ki w
ot 55
p

where E4(0) and E,(0), the steady-state values of dg-
components of the PCC voltage can be measured.

3) Active Power Control: Similarly, from (9), the response
to the applied perturbation can be calculated as

(41)

(42)

~ 2 (Ba(O)Tualjer) + Falje) :a(0))

kia
X <kp’a+ju; > .
P

In case of an ac stiff grid, the PCC voltage is not affected
by the perturbation frequency, therefore, the response of %, is
simplified to

I:d(jwp) =

(43)

. /- 3 . ki,a
I (jwp) = _iedjsd(pr) <kp7a + jwp> : (44)
4) Reactive Power Control: The response of i}, to the ap-
plied perturbation can be calculated from (11) by
I3 (pr) (Ed(o)lsq(jwp) + Ea(jwp)1sq(0))
kir
X ( pr + = ) : 45)
JWp
For a stiff ac grid, the response is simplified to
N 3 , ki r
I3, (jwp) = 2edlsq(jwp) kpr + E . (46)

5) Black-Box Control System: For the black-box system, the
structure and parameters are unknown. The responses to the
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applied perturbation are measured, and the transfer function of
the black-box system is estimated using the methods outlined
in Section III. The estimated transfer function matrix is then
evaluated at the frequencies at which the impedance model needs
to be derived.

From Fig. 4, the inputs to the black-box system can be
obtained as

Al aq(jwp) = s*,dq(jwp) — 15,44 (jwp) (47a)

Al gq(jwp) = cidq(ﬂ%) — Ieaq(jwp) , (47b)

using (33), (36b), and (41)—(45). The outputs N, (jw),w €
{wp £ w1, wp £ 2w1 } are measured during the frequency sweep
and the matrix G4.4 which maps the inputs Al 44(jwy) and
Al 44(jwp) to outputs N, (jw), i.e.,

Nu(jwp — jwr) Giu1 G2 Giz Gul||ALa(jwp)
Ny(jwp +jw1) | |Gar Gaa Gaz  Gag || Alsg(jwp)
Nu(jwp — j2w1)| |Ga1 Gz Gaz Gaal|| Ala(jwp)
Nou(jwp + j2w1) Gu Gar Guz Gua][Aly (jw?ig)

is estimated by system identification.

D. Impedance Derivation

Based on the expressions describing the frequency responses
of the converter and control variables to the applied perturbation,
alinear system of equations with 28 equations and 28 unknowns

of the form
Upxp =V, 49)

is formulated where U,, comprises the coefficients of the linear
system, V}, consists of the constant terms in the equations, and
x, contains the system variables

xp = [Lu(jwp), Iu(jwp — jwi), Lu(jwp + jwi),
I,(Jwp — J2w1), Ly, (jwp + 72w1), Vi, (Jwp),
Vu(Gwp = jwn), Vu(jwp + jwn ), Va(jwp — j2w1),
Vu(Gwp + 52w1), V&, (jwp), V&, (jwp — jwr),
Ve (Gwp + jwr), Ve, (jwp — j2w1),
Ve (Gwp + 52w1), Nu(jesp), Nu(jwp — jen),
Ny (josp + jwn), Nu(jwp — 52w1), Nu(jwp + j2w1),
Lsq(jwp), Lsq(jwp), Lea(jwp), Ieq(Gwp),

A—rsd(jwp)» AIsq(jwp)v Ach(ij)v AIcq(jwp)]T'
(50)

The elements of U,, and V}, for I,,, V,,, and V3, at f € {f, +
f1, fp £2f1} are given in [17], while those of the rest of the
variables are obtained in (33)—(36b) and (48).

Solving the linear system of (50) yields I, (jw,) from which
the dc-side impedance of the converter can be obtained by

. ‘/dc(jwp) el)/2
Z c g = = .
te(dep) Tac(jwp) 3L (jwp)

61y}
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Flowchart of impedance estimation using subspace system identifica-

TABLE I
SYSTEM PARAMETERS

Ac grid voltage amplitude vg,1 | 320kV
Fundamental frequency fi 60 Hz
Arm inductance L 0.15pu
Arm resistance R 0.0015 pu
Grid inductance Lg 0.003pu — 0.4 pu
Grid resistance Ry 0.0004 pu
Submodule capacitance Csm 10 mF
Number of submodules per arm N 200
Perturbation amplitude ep 100V
Perturbation frequency I 1Hz - 1kHz
TABLE II
CONTROL PARAMETERS
Dc-bus voltage reference v 640kV
Apparent power reference S* 1000 MVA
P-gain of dc-bus voltage controller | kp ., | 0.01
I-gain of dc-bus voltage controller kiv | 0.2
P-gain of active power controller kpa | 4x 1076
I-gain of active power controller kio | 8x 1074
P-gain of reactive power controller | kp, | 4 x 1076
I-gain of reactive power controller kip | 8x1073

Fig. 7 shows the flowchart of the process of impedance
modeling using this method.

V. RESULTS AND DISCUSSIONS

The estimated impedance is compared to the impedance de-
termined via time-domain simulations of the same system in
MATLAB/SIMULINK. The known system and control parameters
are given in Tables I and II, respectively, for a single converter.
The impedance is determined in the time domain simulation by
superimposing a perturbation frequency f,, on the dc-bus volt-
age, see Fig. 5. During the frequency sweep for the impedance
measurement, system variables that are inputs and outputs to the
black-box control system, i.€., is,dg, tc,dg aNd 74, are recorded
and post-processed to obtain their harmonic spectra. Thereafter,
subspace-based system identification described in Section III is
utilized to estimate the transfer function matrix of the black-box
system G. A uniformly spaced set of frequencies between 1 Hz
and 1000 Hz with an interval of 1 Hz is considered at which the
variables of interest are acquired and recorded.
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Fig. 8. Bode diagram of the harmonic spectra of the outputs to the black-box

system. The solid lines demonstrate the measured values and the circles illustrate
the estimated outputs via subspace-based system identification.

<
5 of i
=
g
= -50 ]
=
g - -
% La(jwy) Tea(jwy)
2 -100 - Isq(jwp) Icq<jwp)
200
= 100
o
=
© 0
<
£
A 2100
-200 . . :
10° 10 102 10°
Frequency [Hz]
Fig. 9. Bode diagram of the harmonic spectra of the measured inputs to the

black-box system.

Fig. 9 shows the Bode diagram of the harmonic spectra of the
frequency components of the inputs to the black-box system at
fp measured during a frequency sweep. The outputs of the black-
box system are measured in a similar fashion and thereafter, the
data is fed to the system identification algorithms for a transfer
function matrix to be estimated.

A. Subspace-Based Identification

Subspace system identification estimates a transfer function
which maps the outputs shown in Fig. 8 to the inputs shown in
Fig. 9. The algorithm is “correct”, i.e., given a finite number of
samples of data, an exact transfer function can be estimated,
albeit possibly with an error in the presence of noise in the
system. The estimated transfer function may have a higher order
than the real system. Thus, inevitably, it may have some poles
and zeros that are not present in the real system. Therefore,
incorporating the estimated transfer function in the impedance
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Fig. 10.  The error between the estimated and the measured outputs for various

model orders. The estimated output error is below 2% for orders 13 and above.

model in the Laplace domain will lead to an impedance which
may have unstable poles. To remedy this, instead of incorporat-
ing the estimated transfer function in the Laplace domain in the
impedance model, the estimated transfer function is evaluated
numerically at the frequencies at which an impedance model
needs to be derived. The end result will be the impedance com-
puted numerically at arbitrary frequencies within the frequency
range of estimation. In case an impedance transfer function in
the Laplace domain is needed, a system identification technique
based on vector fitting can be applied to the discrete frequency
response of the final estimated impedance.

To determine the best model order, the percentage of the error
between the estimated and the measured outputs is computed
for various model orders. Fig. 10 shows the error in estimated
outputs versus model order as

_ ||}/estimaled - Yactual H??
||Y;10tual||§7

Asseenin Fig. 10, the estimated outputs can well approximate
the real outputs when the black-box system order is assumed n =
13. This implies that an estimated transfer function of order 13
maps the inputs to the outputs of the black-box system with high
accuracy. Fig. 8 demonstrates the estimated outputs of the black-
box system (based on the estimated transfer function) versus the
actual (measured) outputs of the system with the aforementioned
model order.

(52)

B. Dc-Side Impedance Model Estimation and Shaping

Having identified the black-box control system, the dc-side
impedance of the MMC can be modeled and shaped by the open
control system. To this end, the effects of the grid strength and
the controller settings of the dc-bus voltage control, the active
power control loop, and the reactive power control loop on the
dc-side impedance are investigated. Fig. 11 shows the effect of
grid weakness, characterized by short-circuit ratio (SCR), on
the dc-side impedance. The largest impact is seen around the
resonant peaks, but impedance at sub-fundamental frequencies
is also affected. In the following, a strong grid is assumed. Fig. 12
shows the impact of different parameters of the dc-bus voltage
controller on the impedance. As seen in the figure, the estimated
impedance closely follows that of the measured impedance,
implying that the that subspace-based system identification
has estimated a sufficiently accurate transfer function of the
black-box system. The impedance is measured in simulations
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lines show the measured impedance, and the circles demonstrate the estimated
impedance using subspace-based system identification.
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Fig. 12.  Effect of the proportional gain increase of the dc-bus voltage con-

troller on the dc-side impedance of an MMC. The solid lines show the mea-
sured impedance, and the circles demonstrate the estimated impedance using
subspace-based system identification.

of the same system taking into account all perturbation fre-
quency components compared to a few in the estimated ana-
Iytical model. It can be observed that the gains of the dc-bus
voltage controller affect the dc-side impedance mainly in the
low-frequency range.

Finally, Fig. 13 shows the effect various power factors on
the dc-side impedance under active and reactive power con-
trol. As seen in the figure, active and reactive power control
increase the dc-side impedance in the low-frequency range
and reduce phase compared to dc-bus voltage control. The
impedance shape of the active power controlled converter has
lower magnitudes around the valleys compared to when dc-bus
voltage control was active. The estimated impedance closely
tracks the measured impedance, both at low frequencies and
around the peaks. The effect of other outer control loops such as
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Fig. 13. Bode diagram of the dc-side impedance of an MMC with active
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measured impedance, the circles demonstrate the estimated impedance using
subspace-based system identification.
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Fig. 14. Configuration of the system considered as case study for dc-side

impedance measurement and stability assessment.

TABLE III
CASE STUDY SYSTEM PARAMETERS

Parameter Master converter ~ Slave converter
PCC voltage amplitude 320kV

Dc-bus voltage reference 640kV

Nominal power 1000 MW
Fundamental frequency 50Hz 60 Hz
Arm inductance 0.4pu 0.15pu
Arm resistance 0.0015 pu

Submodule capacitance 10 mF

Number of submodules 200

the arm energy controllers can similarly be investigated in future
studies.

C. Case Study

The system shown in Fig. 14 is considered as case study to
investigate harmonic stability. The back-to-back MMC-based
VSC-HVdc system is often used to couple two high voltage
asynchronous ac networks with the same or different fundamen-
tal frequencies. In such a setup, a master converter controls the
dc-bus voltage at the PCC, and the slave converter controls the
flow of active power, see Fig. 2. Reactive power is controlled
separately at each converter station. Table III summarizes the
parameters of the system. System identification has been ap-
plied to the black-box control system of each converter station.
Subsequently, the dc-side impedances of the converters have
been estimated.
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Fig. 15. Small-signal model of the back-to-back MMC-based HVdc system.
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Fig.16. Bode diagrams of the dc-side impedances of the back-to-back convert-
ers. The solid lines show the measured impedance, and the circles demonstrate
the estimated impedance using subspace-based identification.

Fig. 15 shows the small-signal representation of the system
consisting of current source and voltage source subsystems. The
frequency response of the dc-bus current can be obtained as

- _Vu(®)] L
o) = [0~ 25| Tz

Thus, the small-signal stability of the system can be evaluated
by means of applying the Nyquist stability criterion to the loop
gain Zys(jwp) /Zes(jwp).-

Fig. 16 shows the dc-side impedances of the master and slave
MMCs. The impedance curves intersect at three points which are
the possible interaction points. With correct tuning of the gains
of the open control system, the system is stable as the phase
difference at these points are all below 180°. Incorrect tuning
of the open control system, represented here by increasing the
proportional gain of the dc-bus voltage controller, can lead to
instability. As seen in Fig. 17, the intersection at 70 Hz has now
a phase difference of just above 180°. This is verified via the
Nyquist plot in Fig. 18(a) where the loop gain now encircles
the critical point (—1 + 50), i.e., the system is unstable. Time-
domain simulation of the same system also indicates that the
system becomes unstable after the gain change, see Fig. 18(b).
The harmonic spectrum of the dc-bus voltage indicates that
the frequency of the unstable oscillations corresponds to that
predicted by the Bode plot, see Fig. 18(c). This demonstrates
the efficacy of the proposed method in estimating the impedance
model of an MMC and handling interactions caused by open
control system elements.

(53)
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Fig. 17.  Bode diagrams of the estimated dc-side impedances of the back-to-
back converters using subspace-based system identification. The proportional
gain of the dc-bus voltage controller has been increased.

—K,,=002
——K,, =005

Im[Zvs/ Zcs)
(=]
[ V]

o

1.2 -1 0.8 0.6 0.4
) Re[Zvs/Zcs)
6.41 10 : :

6.405 -

6.4

vgc, [V]

6.395

6.39 - - -
2.5

Time [s]
300 T T T T

Amplitude [V]
2

0 20 40 60 80 100
Frequency [Hz]

Fig. 18. (top) Nyquist diagram of the estimated Zys(jwp)/Zcs(jwp) for
different proportional gains of the dc-bus voltage control loop. The unit circle
and the point (—1 + j0) are drawn with dotted line and blue star, respectively.
(middle) Dc-bus voltage in time domain. The proportional gain of the dc-bus
voltage controller is increased from kj , = 0.02 to kp , = 0.05 at t = 3 s.
(bottom) harmonic spectrum of dc-bus voltage betweent = 4.5sandt = 5.5 s.
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VI. CONCLUSION

A method is proposed to obtain the impedance model of an
MMC when parts of the control system are black-boxed, i.e., no
knowledge about the design specification of those control blocks
is available. The application of system identification techniques
on a MIMO system for the purpose of impedance modeling
is investigated. An impedance model is derived for which the
effect of different control schemes and parameters of the open
control system, which can be designed vendor independently,
is analyzed. The validity of the method is verified by means of
simulations. The developed impedance model, which includes
both white-box and black-box systems, can be used to handle
control interoperability issues and instabilities in HVdc systems.
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