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Transfer Learning Based Online Impedance
Identification for Modular Multilevel Converters
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Abstract—The large integration of modular multilevel convert-
ers (MMC) has introduced stability issues. The impedance-based
stability analysis method is widely adopted, where the impedance
model can be directly achieved at the terminals through non-
intrusive measurement, which facilitates the black-box stability
analysis of the MMC-grid interaction system. Yet, due to the
limited impedance data amount in the practical application of on-
line impedance identification, the accuracy of the identified model
stability analysis cannot be guaranteed with existing methods in
variable operating point scenarios. This article proposes a transfer
learning based online impedance identification for MMC to address
this research gap. The two-phase online impedance identification
method is developed where the physical model of MMC in the offline
phase is utilized to facilitate the online impedance identification.
The proposed method can significantly reduce the data amount
requirement in online impedance identification and achieve online
stability analysis of the MMC system. The case studies confirm the
effectiveness of the proposed method.

Index Terms—Grid—converter interaction, impedance identi-
fication, modular multilevel converters (MMC,) stability, transfer
learning.

1. INTRODUCTION

ODULAR multilevel converters (MMC) have been

widely adopted in high voltage DC (hvDC) transmission
systems, electrical railway traction systems, and other medium
voltage systems due to the advantages of the scalability, high
efficiency, and low distortion [1], [2], [3]. However, the interac-
tion between the internal dynamics of MMC (e.g., phase current
control loop, capacitor voltage fluctuations, circulating current
control loop, and synchronization loop) and the outer systems
could introduce stability issues [4], [5].

The impedance-based stability analysis method has proven
to be effective and widely adopted to reveal the interactions
between the MMC and outer systems [6], [7], [8]. As reported
in [9], the harmonic state space based small signal impedance
model of the MMC is derived considering the internal harmonic
dynamics. With the derived MMC impedance model, the MMC—
grid interaction system can be modeled as the grid-side and
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converter-side subsystems, and the general Nyquist criterion
(GNC) is adopted to judge the interaction stability by analyzing
the impedance ratio of the subsystems [10], [11], [12]. Yet, in
practical applications, the detailed parameters and structure of
MMC are hard to be obtained from vendors. The impedance
measurement based methods are the promising solutions to
achieve the black box stability analysis of the system, which
adopts the nonintrusive measurement at the terminal to obtain
the impedance of the converter system [13], [14].

Considering the fluctuations and uncertainties of renewable
generation and loads in the modern power system, it is essential
to achieve the online impedance identification of MMC with
variable operating points. As reported in [15], [16], and [17],
the impedance measurement techniques are adopted for different
topologies, which could achieve the gray-box or black-box mod-
eling without detailed knowledge. A gray small-signal modeling
method was proposed in [ 18], which adopted the particle-known
knowledge to identify the control parameters of the converter
system. Yet this method could not enable the black-box modeling
of the system. An impedance identification method was reported
in [19] for the voltage source converters (VSCs) with wide
operating conditions, but it was limited to a known two-level
VSC structure with a specific control structure, while it was not
straightforwardly extended to MMC systems. Moreover, a sys-
tem identification method was proposed in [20] for the dc-side
impedance estimation of an MMC. Yet, the system topology
and partial control system should be known, which could not
enable the black-box modeling and degrade the effectiveness of
the method in real-world applications.

To achieve online impedance identification at variable oper-
ating points in practical application, artificial neural network
(ANN)-based methods were proposed in [21] and [22]. As re-
ported in [21], the ANN-based impedance model is established,
which can accurately generate the impedance at variable oper-
ating points. Yet, the ANN-based mission is data-hungry, which
is not suitable for online impedance identification scenarios.
To address the inherent data-hungry issue of neural network
training, the physical-informed neural network based impedance
identification method was proposed in [23], the physical knowI-
edge of VSC was used to compress the neural network structure,
which could largely reduce the training load of impedance
model. Yet, this method requires the relationship between the
operating point and impedance can be explicitly expressed,
which can not be achieved in the MMC systems. Different from
traditional two-level converters, the internal dynamics of the
MMC will introduce harmonics to the system, which makes
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the impedance model of the MMC nonlinearly relies on the
operating point. The operating point-dependent characteristics
make the practical application of online impedance identification
time-consuming. Thus, the limited data amount in impedance
identification of MMC could consequently affect the accuracy of
the model and the stability analysis of the MM C—grid interaction
system.

This article attempts to fill this research gap by proposing a
transfer learning based online impedance identification method.
The key idea is to utilize the physics of MMC in the offline phase
to facilitate the online impedance identification of MMC. The
proposed method consists of offline data generation and online
impedance identification. First, the offline dataset is generated
with the derived analytical model of the offline MMC, then
the offline impedance model is generated by feeding the offline
data. Second, the online impedance data is field-measured with
the frequency scanning techniques, and then, by feeding the
generated online data into the offline trained model with the
transfer learning technique, the online impedance identification
of MMC is achieved. The proposed method can achieve online
impedance identification of MMC and stability analysis of the
MMC-grid interaction system.

The rest of this article is organized as follows. The over-
all framework of the proposed transfer learning based online
impedance identification of MMC is illustrated in Section II.
Section III shows the detailed implementation of the proposed
method, where the offline impedance model training and transfer
learning based online impedance identification are illustrated.
The case studies are provided in Section IV, where the ex-
periment results can validate the effectiveness of the proposed
method. Finally, Section V concludes this article.

II. FRAMEWORK OF PROPOSED TRANSFER LEARNING BASED
ONLINE IMPEDANCE IDENTIFICATION OF MMC

The conventional impedance measurement methods require
tons of data to achieve accurate identification for the MMC
impedance, thus they are time-consuming and cannot achieve
online impedance identification. This article proposes a transfer
learning based online impedance identification method to ad-
dress this issue. The key idea is to use the analytical model of a
standard MMC for offline training, to achieve the online iden-
tification of a real-world MMC through the designed transfer
learning method. Then, only limited online data are required, and
online stability evaluation of the MMC—grid interaction system
can be achieved. The whole framework of the proposed method
is visualized in Fig. 1. The method is divided into the offline
phase and the online phase.

In the offline phase, the analytical model of the standard MMC
(i.e., MMC1) is derived. By changing the operating point of the
model, the offline impedance data of MMC can be obtained.
To be noticed here, different from the two-level voltage source
inverter (VSI) model, once the operating point of the MMC
system changes, the steady-state harmonics of the MMC model
need to be recalculated, the calculation process will be illustrated
in detail in the following analytical impedance modeling part in
Section III-A. The obtained data are structured as the format of
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Fig. 1. Framework of the proposed transfer learning based online impedance
identification method for MMC.

{input : op, f,output : Zprarc(op, f)}, where op represents
the operating point of the system, f represents the sweeping
frequency, Zyarc(op, f) is the corresponding impedance of
MMC. Then after the normalization, the dataset is prepared. By
feeding the data into the designed ANN and training, the offline
impedance model of MMC is generated.

In the online phase, the field test of impedance measurement
of the real-world MMC (i.e., MMC?2) is conducted, where
the frequency scanning impedance measurement technology
is adopted, as it can provide the highest signal-to-noise ratio
(SNR) compared to other nonparametric impedance measure-
ment methods [24]. By changing serval operating points of the
MMC system, the online dataset can be obtained. The amount of
online data are much smaller than the offline dataset. By feeding
the online data into the trained offline model and training, the
online impedance model of MMC?2 can be generated.

The detailed implementation of the proposed transfer learning
based online impedance identification of MMC is illustrated in
the following Sections.

III. IMPLEMENTATION OF THE PROPOSED METHOD

The proposed method consists of the offline phase and online
phase implementation, which are illustrated separately, as below.
The key principle is to use the analytical model of a standard
MMC for offline training, to achieve the online identification
of a real-world MMC through the designed transfer learning
method.

A. Offline Phase Training of a Standard MMC

In offline phase implementation, first, the analytical
impedance model needs to be derived. The steady-state harmon-
ics of the MMC system are highly related to the operation point.
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Fig. 3. Equivalent diagram of the typical MMC topology.

Thus, the steady-state harmonics need to be calculated with
iteration. With the obtained harmonics, the analytical impedance
model of a standard MMC can be derived. Then, the offline
impedance dataset can be generated with the derived analytical
model. By feeding the offline data and training, the offline
impedance model can be obtained.

1) Analytical Modeling of MMC: The diagram of the three-
phase MMC topology is shown in Fig. 2, where Ly is the
arm inductor and C,, is the module capacitor. iy, %,, and
VU, represent the arm currents, output currents, and terminal
voltages, respectively, where z = a, b, c represents three phases
and y = u, [ represents the upper and lower arms. V. represents
the voltage of dc bus and v,,, represents the voltage from the
floating point of the dc bus to the ac neutral. As discussed in [7],
the voltage balancing control of MMC does not have effects
on the converter dynamics below the switching frequency, so
the voltage of each module is assumed as the same. Thus, all
the SMs in each upper/lower arm of MMC can be equivalent
to one SM with /N module capacitors in series. The equivalent
circuit diagram of MMC can be represented as shown in Fig. 3,
where v, and mg, (x = a,b, ¢, y = u, ) represent the equiva-
lent module voltages and modulation signals, respectively. Due
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to the common-mode and differential-mode characteristics of
harmonic components, the impedance model of MMC can be
obtained by modeling the upper or lower arm [7]. In this article,
take the modeling of the upper arm in phase a as an example,
the corresponding arm current and module voltage dynamics are
modeled as follows:

diy, 1
Lsé = ivdc — UV = UyMy + Uy
doy
C% = 14Ny (1)

where C' represents the equivalent capacitance of each arm
(C = C,,/N). The variables in (1) are extended to vectors to
include the effects of nth harmonics in MMC, then the frequency
domain model of corresponding arm current and module voltage
dynamics can be represented as follows:

1 1
ZlOiu = §Vdc - §V —my, Q@ Vy + Vi
Yeov, =my ® iy (2

where ® represents the convolution calculation, i,, v, m,, v,
and v,,, are harmonic vectors with 2n + 1 elements for arm
current, terminal voltage, modulation signal, equivalent module
voltage, and voltage from floating point to ac neutral, consisting
of their complex Fourier coefficients in the order of frequency:
—nf1y00s —f1, 0, f14eees nf1. Zyg and Yo are the impedance
matrix of the inductance and admittance matrix of the capacitor,
which can be written as follows:

Zyy = j2nLs - diag[-nfi,— (n—1) f1,...,

- f1,0, fi,(n—=1) fi,nf].
Yoo 23271-0 diag[_nfh_(n_ 1) fl)"'7

_flaoaflv(n_l)flvnfl] (3)

where f; is the fundamental frequency. Considering the coupling
between upper and lower arms operation and current control
of the system (i.e., the output control and circulating current
control), the steady-state harmonics can be calculated through
the iteration of (2). It is noticed that each time the operating
point changes, the harmonics need to be calculated. With the
harmonic linearization, the small-signal model can be written as
follows:

Zi,

o / / / /
w= —V,— V,m, —M,v, +v,

Y.V, =I,m/, + M,i, )

where i}, v},, m/,, v;,, and v/, represent small-signal vectors for

arm current, perturbation voltage, modulation signal, equivalent
module voltage, and voltage from floating point to ac neutral,
with 2n 4 1 small-signal harmonics in the order of frequency:
fp — nf1,..., fp — fl» fp, fp + f1,..., fp + ’I’Lf1. V.. M,,andI,
are harmonic matrices extended from corresponding harmonic
vectors by Toplitz transform [3]. Z; and Y. are diagonal ma-
trices representing the impedance of the arm inductance and
admittance of the equivalent module capacitance at small-signal
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harmonic frequencies, expressed as

Z, = j2rL, - diaglf, —nfi, fp— (n—1) f1,...,
fo=fiifoi ot frooo o fp+(n=1) fi, fp + nfi].
Y. = j2nC - diaglf, —nf1, fp — (n—1) f1,...,
fo= Tl fptfr s fp+(n=1) f1, fp +”f1](-5)

By analyzing the phase and sequence of small-signal harmonics,
(4) can be simplified by forcing differential mode zero sequence
currents to zero to eliminate v/, thus, the (4) can be expressed
as follows:

i, = — Yl(v; +V,m) +M,Vv,)

v, = Z. (I,m), +M,i,) (6)
where Z, =Y _ 1 and Y] can be calculated as follows:

1

Lj2n(fy = 3f)L7
1 1 .

jernfpl’ j2m(fp + f1)L7

Y, = dz’ag[...70

1
| v

The typical control diagram of the MMC is shown in Fig. 4,
which consists of phase current control, circulating current
control, phase-locked loop (PLL), voltage feedforward control,
and voltage balancing control. The phase current and PLL use
the PI controller and the circulating current is controlled with
the PR controller, which can be written as follows:

Ki;
HZ(S) = Kpi -+ S
2K, - w;s
H.(s) =K, + ——m——
(5) pe $2 4 2w;s + w?
Kipn

Hy(s) = Kppu + ®)
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where H;(s), H.(s), and Hy(s) are the transfer functions of
phase current control and circulating current control, respec-
tively. Kpi, Kii, Kpe, Kreo Kppu, and Ky are the corre-
sponding proportional gain, integral gain, and resonant gain.
Based on [7], the small-signal control model of MMC without
considering the voltage balancing control can be expressed as
follows:

m;:(Qiﬁ-Qc)-i;—F(P—&-F)-V; ©)

where Q; and Q., representing the gain of phase current control
and circulating current control, are the 2n + 1 order diagonal
matrices. The corresponding elements in the matrices are written
as follows:

¢ = {H; (j2m (fp + kf1) — [mod (k +2,3) — 1|27 - f1)}

k
-Mﬂmod (k+2,3)—1] (10)
1+ (—1)*
= He (g2 + k) ay

where mod represents the modulo calculation and k =
—n,...,0,...,n. The gain of PLL can be represented using
a 2n + 1 order matrix P, where the (n — 1,n + 1)-th and
(n + 1,n + 1)-th elements are represented as follows:

M, — I H; (727 (fp — f1))

) Go(2n (fp = f1))  (12)
1,H; (j2n (fpz— A =Mi o Gor(f— f) (13)

where Gy(s) = Hy(s)/(s + V1Hp(s)) represents the gain of
PLL, V; represents the magnitude of the grid voltage of the
MMC system, M; and I; are the frequency-domain fundamen-
tal phasor of modulation signal and phase current. The other
elements are all zero. On the other hand, the gain of voltage
feedforward can also be represented using a 2n + 1 order matrix
F, where the (n — 1,n + 1)-th and (n + 1,n + 1)-th elements
are represented as follows:

Vi

—?'Ge(]gﬁ(fp_fl)) (14)
1+ 32 Go(j2m (fy — ). (s

Finally, the small-signal responses of the upper arm current
to a perturbation voltage can be modeled by the admittance
coefficient matrix, expressed as follows:
Y =[U+YMZM + Y, (V+MZI)(Q; + Q)] '
Y, [U+ (V+MZI)(P +F)] (16)
where U is the 2n + 1 order identity matrix. Since the phase cur-

rentat fy, and f, — 2f; are twice the arm current, the impedance
of MMC can be expressed as follows [25]:

Yin(fp) Yiz (fp) ]

Yunme (fp) = Yo (fp) Yoo (fp)
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where Y, Y. are the (n+ 1,n + 1)-th element, the (n —
1,n + 1)-th element of Y, respectively. With the derived
impedance model of MMC, the dataset can be generated.

2) Offline Impedance Model Training: The derived model
could generate the data of the impedance model of MMC.
Then, the obtained data are structured as the format of {input :
op, f,output : Yararco(op, f)}. Here, the generated admittance
data are very small numerically, so in this article, the magnitude
and phase are used to represent the admittance of MMC. Then,
after the normalization, the dataset is prepared.

For the ANN training, the first step is to choose the neural
network structure. The impedance identification is to establish
the map between the pair of frequency and operating points and
the corresponding admittance of MMC. As the relationship be-
tween them is static, the feedforward neural network is selected
in this article. The next step is to design the structure of the
feedforward neural network. As the mapping between frequency
and operating points and the corresponding admittance of MMC
are continuous and surjective, the single hidden layer is suffi-
cient to capture the characteristics of this mapping. Therefore,
a three-layer feedforward neural network as shown in Fig. 5,
which consists of one hidden layer, one input layer, and one
output layer, is adopted in this article, where each layer consists
of a different number of neurons. The numbers of neurons in
the input layer and output layer are dependent on the structure,
while the number of neurons in the hidden layer needs trial and
error. In this article, the neuron number in the hidden layer is
128. And for the jth neuron in different layers, the output can
be represented as follows:

A7)

Yj = A (’wil’(;-TQ . (Ez) + b;orQ ‘j:l,.“,m (18)

k
=1

(2

where x; is the input of the neuron; w and b represent the weight
and bias of the neuron, respectively; A represents the activation
function. Since the shallow neural network structure is adopted
in the article, the sigmoid function is selected as the activation
function in the hidden layer to perceive the nonlinearity of the
impedance model of MMC, while the linear function serves as
the activation function in the output layer and input layer.
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Fig. 6. Diagram of the online impedance measurement of MMC.
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Fig. 7.  Workflow of online impedance measurement of MMC.

The next step is the model training, the back-propagation algo-
rithm is adopted to train the ANN model, while the mean squared
error (MSE) between the neural network output and measured
impedance data is selected as the loss function. The training
process is to reduce the MSE by updating the weights and biases
of each neuron. After the training, the offline impedance model
of the MMC is obtained.

B. Online Identification of a Real-World MMC

In the online phase implementation, first the frequency scan-
ning impedance measurement is adopted to obtain the online
impedance data of a real-world MMC. Then, by feeding the
field-measured impedance data into the offline impedance model
and with the developed transfer learning technique, the online
impedance model can be obtained.

Fig. 6 shows the diagram of the online impedance measure-
ment of the MMC. The idea is to inject the small perturbation
with designed frequency into the MMC to be measured, then
sample the voltage and current response at the point of common
coupling (PCC), with the calculation, the impedance of MMC
at the corresponding operating point and frequency can be
obtained. The detailed workflow is illustrated in Fig. 7.

The first step is to make the MMC works in a steady state
with the given operation point opl. Then, the small signal
current perturbation is injected into the system at the PCC.
Here, the magnitude of the perturbation is to be designed to
be small enough not to change the steady-state value of the
operating point, but large enough to avoid the noise from the
MMC operation. In this article, the magnitude is set to 2% of
the steady-state value [26]. Considering the frequency coupling
effect in the MMC model, the perturbation with frequency f,
could introduce a frequency response at frequency f, — 2fi,
where f7 is the fundamental frequency of the system. The twice
perturbations are injected into the MMC system to obtain the
second-order impedance matrix. Then, the voltage and current
responses can be measured at PCC. With the help of the fast
Fourier transform (FFT) algorithm, the corresponding responses
at fpand f, — 2f1(Vip, Vip—2r1, Lfp, I p—2¢1) can be obtained.
Then, the admittance matrix of MMC at operating point op1l can
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be calculated as follows:

1 2 -1 2
Y(f)f pr pr [fp pr
P v 1%; It 12 '
fp—2f1 fp—2f1 fp—2f1 fp—2f1

Repeating the frequency scanning by changing the frequency
of the perturbation and the steady-state operating point of the
MMC system, the admittance dataset can be established, where
the structure of the dataset is the same as in the offline imple-
mentation phase and the data amount is much smaller than the
offline dataset.

In transfer learning theory, the offline training is correspond-
ing to the source domain, while the online impedance identifica-
tion corresponds to the target domain, where the domain consists
of a feature space of input / and the corresponding probability
distribution P(I). Denote the source domain data with D, =
{(is1,0s1)s - -+ (sn,0sn)}, Where the input I is the set of the
steady state operating point of the standard MMC (MMC1) and
corresponding frequency and Os is the set of corresponding out-
put, i.e., the admittance model of the standard MMC (MMC1).
Similarly in the target domain, the field-measured admittance
data of the real-world MMC (MMC2) can be denoted with
D, = {(it1,061), - - -5 (4tm, Otm ) }, Where the data amount of the
target domain is smaller than the source domain, i.e., m < n. If
the data in the target domain follow the same distribution as
the source and target domain, the transfer learning from the
source domain to the target domain can achieve satisfactory
accuracy [27]. In this article, the field-measured dataset and
the offline training dataset follow the same distribution, thus,
transfer learning could be easily achieved. In online training,
the adaptive moment estimation (Adam) method is used as the
optimization algorithm, as Adam can combine the benefits of
both momentum-based optimization and adaptive learning rate
methods and has been shown to perform well on a wide range
of deep learning tasks [28], [29]. The training batch size is set to
128 in this article to yield a more stable estimate of the gradients.

Then, the field-measured impedance data are fed into the
trained offline impedance model with the transfer learning tech-
nique and the online impedance model of the real-world MMC
(MMC?2) can be obtained.

IV. CASE STUDY

To validate the proposed method, the case studies are designed
in this section. The proposed method is adopted to identify the
online impedance model of MMC with the phase control loop,
voltage feedforward, circulating current control loop, voltage
balancing loop, and PLL. The proposed transfer learning method
is to use the knowledge of the offline MMC to help the training
of the online MMC. Thus, in the case study, the offline MMC is
marked as MMC1 while the online MMC is marked as MMC?2.
The detailed parameters of the MMCs are listed in Table I.
According to the setup of the case study, the online MMC2
is a black-box system, only the nonintrusive measurement is
allowed. To show the effectiveness of the proposed transfer
learning based impedance identification method, the first case
study is designed to show the accuracy of obtained impedance
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TABLE I
MMC PARAMETERS

Variables MMCI1 Value MMC2 Value
Vie 700 V 800 V
f1 50 Hz 50 Hz
fs 20 kHz 10 kHz
Ls 2.5 mH 5 mH
Cm 0.26 mF 0.26 mF
Kpi 2.8 10
K 324 324
Kpe 2.5 5
Kre 300 600

Kppil 1 0.05
Kipn 320 198
n 2 2

model of MMC and the advantages against the conventional
ANN-based impedance identification method. The second case
study is designed to show the application of the proposed method
in the practical stability analysis of the MMC—grid interaction
system.

A. Accuracy Validation and Comparison Against the
Conventional ANN-Based Impedance Identification

Considering the two MMC systems shown in Table I, the
MMC?2 is a black-box system while the MMCI is known.
Following the workflow of the proposed transfer learning based
online impedance identification method, the impedance model
of the offline MMCI is generated with the data generated by
the derived analytical model in Section II. To easily visualize
the results, only the current is selected as the variable operating
point. The online field-measured impedance data of MMC?2 are
visualized as shown in Fig. 8, where the frequency f,, varies from
1 to 200 Hz with the 10-Hz interval, and the current / varies from
1 to 30 A with 2 A interval. Then feed the measured admittance
dataset into the trained offline admittance model of the MMC2,
with the transfer learning technique the online admittance model
of the MMC?2 is obtained, which is visualized as shown in Fig. 9.

To show the effectiveness of the proposed method against the
conventional ANN method, the corresponding errors between
the trained admittance model with the proposed method and
the conventional ANN method are shown in Figs. 10 and 11.
The model error of the existing ANN-based method is much
larger (around 10 times). From the comparison between the cor-
responding errors, the conventional ANN-based method cannot
achieve good performance in online small data scenarios, while
the proposed method can guarantee accuracy even with the small
data amount.

B. Applied in Practical Stability Analysis of the MM C—-Grid
Interaction System

The generated impedance model of MMC using the proposed
transfer learning based online impedance identification can be
used in stability analysis of the interaction system of the MMC
and grid, which is shown in Fig. 12. The generalized Nyquist
criterion (GNC) is used to analyze the interaction system by
analyzing the eigenlocus of the equivalent transfer function. The
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Fig. 12.  Simplified diagram of grid-MMC interaction system.

TABLE I
STABILITY ANALYSIS RESULT

Symbol  Current  Voltage  Stability
a 4 A 230 V Stable
b 7A 230 V. Unstable
c 4 A 200 V. Unstable

parameters of MMC2 in the experiment are the same as shown in
Table I. Three cases of different steady-state operating points are
tested. When the grid inductor is 10 mH, the Nyquist diagram
of the three cases is obtained as shown in Fig. 13. From the
diagram, case I is stable while case II and case III are unstable;
the result is shown in Table II. It is noticed that although they are
both unstable, the system working at operating point b is more
vulnerable at operating point c.

The corresponding experiment is conducted to validate the
stability analysis result using the obtained MMC model. The
diagram of the experiment setup is shown in Fig. 14. The Imperix
power modules are used to build the MMC system, where each
phase has four modular. The Chroma 61830 serves as the grid
simulator and the Chroma 62120D is used for the dc power
supply.

Three cases shown in Table II are tested, and the corre-
sponding steady-state experimental results are shown in Fig. 15,
where the Vy, is the voltage at PCC; I, I, I. are the output
current of MMC. As shown in the experimental results, when the
interaction system operates with the operating point a, the system
is stable, when the system operates with the operating points b
and c, the system is unstable. The experiment results match
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action system. (a) Case I. (b) Case II. (c) Case III.
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Fig. 15. Experimental results of MMC—grid interaction system at different

operating points. (a) Case I: operating point a. (b) Case II: operating point b.
(c) Case III: operating point c.

the corresponding stability analysis results using the trained
impedance model of MMC. The transient processes of the
operating point changing are shown in Fig. 16. In Fig. 16(a), the
operating point is changing from operating point a to operating
point b at £;; then, the system becomes unstable and collapses
at t5. In Fig. 16(b), the operating point is changed to operating
point c; then, the system becomes unstable and collapses at ¢;.
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Fig. 16. Experimental results of MMC—grid interaction system at different
operating points. (a) Case I: Transient process from operating point a to b.
(b) Case II: Transient process of operating point c.

It is noticed that when the oscillation occurs in the system, the
system working at operating point b takes more time to collapse
than the operating point ¢, which shows that the system is more
vulnerable than at operating point ¢, which also matches the
stability analysis results as shown in Fig. 13. The experimental
results validate the effectiveness of the obtained impedance
model with the proposed method for stability analysis.

To compare the stability analysis performance of differ-
ent impedance models identified with the conventional ANN
method and the proposed transfer learning based method, we
have checked the Nyquist diagram at different operating points
with the conventional ANN method and the proposed method.
Nyquist diagram at different operating points with the conven-
tional ANN method is shown in Fig. 17. From the Nyquist
diagram drawn with the conventional ANN model, when the
interaction system operates at 4 and 7 A, the system will be
stable. While the Nyquist diagram drawn with the proposed
method is shown in Fig. 13, when the interaction system op-
erates at 4 A, the system will be stable, and when the system
operates at 7 A, the system will be unstable. When we check
the experiment results shown in Fig. 15, for the two operating
points, the experimental results show that system is stable when
it operates at 4 A, and unstable when it operates at 7 A. Thus,
the experiment results do not match the stability analysis results
using the conventional ANN model, while the impedance model
generated by the proposed method can give the correct stability
analysis results validated by experimental results. Therefore, it
demonstrates that the proposed transfer learning based online
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Fig. 17. Nyquist diagrams at different operation points of MMC—grid inter-
action system with conventional ANN model. (a). The operating current is 4 A.
(b). The operating point is 7 A.

TABLE III
STABILITY ANALYSIS RESULT (C,,, = 1.04 MF)

Symbol  Current  Voltage  Stability
a 4 A 230 V Stable
b 7A 230 V. Unstable

impedance identification method has better performance and
higher accuracy in the stability analysis of MMC—grid inter-
action systems.

C. Applied in Practical Stability Analysis of the MM C-Grid
Interaction System With Different Parameters

To show the effectiveness of the proposed method of the
impedance identification of the MMC systems with different
parameters, we have conducted experiments with different mod-
ular capacitors. Then, we conduct the experiment when the SM
capacitors change to 1.04 mF while the other parameters of
the MMC?2 remain the same. After the impedance model of the
MMC?2 with 1.04 mF is generated with the proposed method,
to further check the effectiveness of the generated impedance
model in the stability analysis of the interaction system of MMC
and grid, the GNC method is adopted to analyze the stability of
interaction system by analyzing the eigenlocus of the equivalent
transfer function. Two cases of different steady-state operating
points are tested. When the grid inductor is 10 mH, the Nyquist
diagram of the two cases is obtained as shown in Fig. 18. From
the diagram, case I is stable while case Il is unstable, the stability
analysis result is shown in Table III.

The corresponding experiment is conducted to validate the
stability analysis result using the obtained MMC impedance
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Fig. 18. Nyquist diagrams at different operation points of MMC—grid inter-
action system with 1.04 mF capacitor at different operating points. (a) Case I:
operating point a. (b) Case II: operating point b.
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Fig. 19. Experimental results of the MMC-grid interaction system with 1.04
mF capacitor at different operating points. (a) Case I: operating point a. (b) Case
II: operating point b.

model. Two cases shown in Table III are tested, and the corre-
sponding steady-state experimental results are shown in Fig. 19,
where the V,, is the grid voltage, and 1,, I, I. are the output
current of the MMC. As shown in the experimental results, when
the interaction system operates with the operating point a, the
system is stable, when the system operates with the operating
point b, the system is unstable. The experiment results match the
stability analysis results using the trained impedance model of
MMC. The transient processes of the operating point change are
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Fig. 20.  Experimental results of the MMC—grid interaction system with 1.04
mF capacitor at different operating points: Transient process from operating
pointatob.
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Fig. 21. Nyquist diagrams with different PLL parameters of MMC-grid
interaction system. (a) The proportional gain of PLL kpypy is 0.05. (b) The
proportional gain of PLL kppy is 0.12.

shown in Fig. 20. In Fig. 20, the operating point is changing from
operating point a to operating point b at ¢1, then the oscillation
occurs in the system, and then the system collapses at ¢5. The
experimental results validate the effectiveness of the obtained
impedance model with the proposed method for stability analy-
sis in the scenario when the parameters are different.

D. Applied in Stabilizing the MM C-Grid Interaction System

The trained admittance model of MMC could be used for
stabilizing the MMC—grid interaction system. The trained MMC
admittance model shown in Fig. 9 shows that there is a peak
around 100 Hz. As discussed in [30], near-synchronous oscilla-
tions are usually caused by the PLL. Thus, we can stabilize the
system by tuning the control parameters of PLL.

When the operating current of the MMC system is 6 A and
the proportional gain of PLL £,,,;; is 0.05, the Nyquist diagram
is shown in Fig. 21(a), which shows the interaction system
has oscillations and will be unstable. Then, we change the
proportional gain of PLL k,,; to 0.12, the Nyquist diagram
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Fig.22.  Experimental results of MMC—grid interaction system with different
control parameters. (a) Transient process when kyp changes from 0.05 to 0.12.
(b) Zoom-in diagram of the transient process when &y, changes from 0.05 to
0.12.

changes as shown in Fig. 21(b), which means the interaction
system will become stable. Then, the experiment is conducted
to validate the stability analysis. The corresponding experiment
results are shown in Fig. 22. The MMC system operates
beginning with k,,;; = 0.05, while the operating current is 6 A.
In the beginning, oscillation occurs in the interaction system,
which matches the stability analysis result by the Nyquist
diagram. Then, we change the kpp; to 0.12 at time ¢y, then
after several switching periods, the system becomes stable. The
transient process when ky,,;; changes from 0.05 to 0.12 shows the
effectiveness of stabilizing the MMC—grid interaction system
using the identified admittance model generated by the proposed
transfer learning based online impedance identification method.

V. CONCLUSION

This article proposes a transfer learning based online
impedance identification method for MMC. Considering the
data amount limitation in online impedance identification, the
transfer learning based online impedance identification method
is developed. The two-phase impedance identification is de-
veloped with the inspiration of the transfer learning theory to
achieve effective online impedance identification. By making
full use of the analytical physical model and data from a known
offline MMC, the proposed method can enable an accurate
online impedance identification of the MMC with different and
unknown online MMC. The comparison results show that the
proposed transfer learning based method has superiority over the
conventional ANN-based methods. The experiment results can
validate the effectiveness of the proposed method used for online
impedance identification and stability analysis of the MMC—grid
interaction system.
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