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Dynamic Analysis of MMC-Based MTDC Grids:
Use of MMC Energy to Improve Voltage Behavior

Julian Freytes, Member, IEEE, Samy Akkari, Pierre Rault, Mohamed Moez Belhaouane, Francois Gruson,
Frédéric Colas and Xavier Guillaud, Member, IEEE

Abstract—This article deals with DC voltage dynamics of
Multi-Terminal HVDC grids (MTDC) with energy-based con-
trolled Modular Multilevel Converters (MMC) adopting the
commonly used power-voltage droop control technique for power
flow dispatch. Special focus is given on the energy management
strategies of the MMCs and their ability to influence on the DC
voltage dynamics. First, it is shown that decoupling the MMC
energy from the DC side, causes large and undesired DC voltage
transient after a sudden power flow change. This occurs when
this energy is controlled to a fixed value regardless of the DC
voltage level. Second, the Virtual Capacitor Control technique
is implemented in order to improve the results. However, its
limitations on droop-based MTDC grids are highlighted. Finally,
a novel energy management approach is proposed to improve the
performance of the later method. These studies are performed
with detailed MMC models suitable for the use of linear analysis
techniques. The derived MTDC models are validated against
time-domain simulations using detailed EMT MMC models with
400 sub-modules per arm.

Index Terms—Multi-Terminal HVDC Transmission, Modular
Multilevel Converter, State-Space Modeling, Singular Value De-
composition, Energy controllers, Droop control

I. INTRODUCTION

HE Modular Multilevel Converter is the state-of-the-art
Tof High-Voltage DC transmission systems (HVDC) [1],
and it’s suitable for Multi-Terminal DC grids [2].

The dynamic analysis of power-voltage droop controlled
MTDC grids was widely studied considering 2-level Voltage
Source Converters (VSC) [3]-[7]. As discussed in [4], the
main parameters that govern the DC dynamics are the droop
gains and the total stored energy in the DC grid. When
considering 2-level VSCs, the stored energy in the DC grid
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is determined by the DC bus capacitors of converters, so the
droop gain is the only parameter that can be modified to have
a direct impact on the DC-side dynamics. However, with a
single tunable gain, the options for improving the dynamics
are rather limited. In consequence, some improvements were
already proposed, as in [5], where lead-lag compensators are
added to the controller structure. In [6], the DC voltage droop
control structure is redefined for dealing directly with the
energy of the grid, with promising results. In [7] and [8],
specific controllers are proposed to damp DC resonances. Even
though some of these papers mention the MMC, the converters
are modeled or controlled similarly as 2-level VSCs (as e.g.
[8]). However, the way that the internal energy of the MMC is
managed may influence directly the dynamics of the system.
In [9], the possibility of using the internally stored energy in
the MMCs for supporting the AC grid frequency is studied.
This energy may also be used to support the DC grid [10].

Indeed, depending on the adopted MMC control strategy,
the internal energy may be largely decoupled from the DC
voltage [11]. In [12], the impact of the MMC control algorithm
on the droop-controlled MTDC has been analyzed with time
domain simulations. It concludes that the decoupling capability
of the MMC internally stored energy has a considerable impact
on the dynamics of the MTDC grids: a part of the total
energy stored in the DC grid relies on the MMC controller
structure. In [13], similar conclusions were obtained regarding
MMC-based point-to-point HVDC links and, for this reason, a
modification on the MMC energy controllers was introduced.
Moreover, [14] shows that it is possible to virtually enhance
the DC energy by using the virtual capacitor concept.

Until now, the effect of the MMC control on the MTDC dy-
namics has been only analyzed through time-domain simula-
tions or using simplified MMC models. In order to quantify the
impact of MMC energy controllers on the DC grid dynamics,
a Linear Time Invariant (LTI) modeling approach is of great
interest for these studies. To do so, a suitable dynamic model
of the MMC is needed. In the literature, dynamic phasors
domain [15] or multiple dg frames [16] has been proposed
as a modeling approach for developing an LTI model. This
paper is based on [17], where a full dynamic non-linear MMC
model with Steady-State Time Invariant solution (SSTI) was
developed and further linearized and studied in [18], where
the control strategy of the converter can be easily modified.

While articles [15]-[18] consider a dynamic analysis of
a single MMC with a simplified environment (AC and DC
sources), this paper considers an MTDC grid modeled with
detailed MMC representations. Based on this modeling, an



in depth dynamic analysis is provided and different types of

MMC controllers are evaluated and precisely compared, hence

highlighting the influence of the energy management of the

MMC on the system dynamics.

The main contributions of this paper are twofold:

o Detailed LTI modeling of MMC-based MTDC grid based
on accurate MMC models which allow to take into account
different controllers. Frequency dependent cable models are
used to represent the DC grid dynamics. The obtained
model is compared against an Electro-Magnetic Transient
simulation (EMT) with switching models for the MMCs.

o Comparison of three MMC Energy Management Control
strategies: the first one considers a constant energy reference
as in [18]; the second one considers the method from [14];
and the third one is a novel strategy based on the derivative
of the DC voltage. The main characteristics of each one are
highlighted throughout the paper.

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

a LTT model of a droop-controlled single terminal MMC in

double Synchronous Rotating Reference Frame (SRRF) con-

sidering AC and DC sides is developed as a fundamental block.

Then, in Section III, a linear MTDC grid is created with the

concatenation of the aforementioned blocks, where each MMC

is controlled with an energy-based strategy with constant
energy reference. The dynamic performance of the MTDC grid
is evaluated using the Singular Value Decomposition method

(SVD). In Section IV, different energy management control

variants are assessed based on the dynamic analysis of the

resultant MTDC grid.

II. MMC MODELING AND CONTROL FOR COUPLING WITH
MTDC SYSTEM

In this section, a full SSTI MMC model including an
Energy-based controller is developed based on [17] and [18].
The nomenclature used in this paper is defined in [18].

A. Continuous MMC Arm Averaged Model

1) Model with “Upper-Lower” representation in abc frame:
The Arm Averaged Model (AAM) of the MMC is recalled
in Fig. 1 [19]. The model presents, for each phase, a leg
consisting of an upper and a lower arm. Each arm includes
an inductance Lg,,,,, an equivalent resistance R,.,, and an
aggregated capacitance Cl.., = C'//N, where N is the number
of submodules per-arm and C' is the capacitor of each SM.

The arm currents [¢5,, 4L, | are a combination of a DC
part, an alternating component at w and potentially an addi-
tional term at 2w (the same stands for the modulated voltages
[0 bes VE be) and the modulation indices [mY,,, mL, ).
Since the arm capacitors [vZ ;. vEpe] are being charged
and discharged by the modulated currents obtained by the
multiplication of their respective arm currents and modulation
indices (each with DC, w and 2w), the voltages include a DC,
w and 2w but also 3w and 4w components (this last part is
negligible as shown in [20]). This multiple frequency content
in the “Upper” and “Lower” variables inhibit the application of
a single Park transformation to the system equations to develop
a full dgz model suitable for linearization. Nevertheless, it is
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Fig. 1. MMC Arm Averaged Model with “Upper-Lower” representation.
Table 1
MMC VARIABLES IN X-A REPRESENTATION IN abc FRAME
Variables with w and 3w Variables with DC and —2w
SA U L def
zabc - 'Labc - zabc 'I’abc - (zabc + Zabc)/Q
A def U L > def U
Vmabe — (7vmabc + vmabc)/Z VUmabe — (vmabc + vmabc)/2
A def U L b def U
VCabe — (vCabc - UCabc)/2 VCabe — (vCabc + chLbc)/2
A def U L > def
Mabe = Mabe ~ Mabe Mobe — abc + mabc

possible to isolate the main frequency content of the variables
transforming them as described in the following.

2) Modeling with “3-A” representation in abc frame: For
deriving the dynamics of the AAM, all the MMC variables are
transformed from the “Upper-Lower” representation to “X-A”,
as summarized in Table I (bold variables represent vectors). In
steady state, “A” variables are sinusoidal at the fundamental
grid frequency w, while “¥X” variables contain a sinusoidal
oscillation at —2w superimposed to a DC-component [17].

3) Model with “¥-A” representation in dqz frame: Once
the main frequencies are identified, Park transformation at
—2w is applied to the “X” variables, obtaining the common-

mode currents quz [i3, zqz, i>']T, the common-mode modu-
=T s 8 2T on indi
lated voltages v, 4,. = [vmd, Vpna» Umz)  » modulation indices

p> PIRES YIS 5 : s
sum m daz =[m v m;’,mZ]" and the arm capacitors v dgz=
V&g, Ve @ v )T Furthermore, Park transformation at w is

applied to the “A” variables, resulting in the grid currents

A A A A _[,A AT

4y =i5,i5]", the modulated voltages v/ 4, =[vma: Vgl ">

modulation indices mqu = [mﬁ,qu]T and arm capacitor
- AT A AT

voltages difference vg,, = [v5,, vE,] - The zero-sequence

véz oscillates at 3w, so an auxiliary virtual variable is also

used to be able to represent the magnitude and phase of
the oscillating component, ie. v&, = [v8,,,v8, ] . In
this way, the result is v8,,, = [(v84,) "> (VE2) "] These
transformations allow to obtain a MMC model in SRRF
with Steady-State Time Invariant solution (SSTI) suitable for
linearization and further analysis. The main equations of the
MMC model in dgz are given in the Appendix B, and the
complete mathematical development can be found in [17].
The MMC stored energy W2 is calculated from the dgz
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Fig. 2. MMC Connected to AC and DC equivalent grids.

components as in (la), where Cjpme =6 X Cgpim. However,
it can be approximated as proportional only to (vCZ) for
analysis purposes as shown in (1b), since it corresponds to
the sum of all the MMC capacitor voltages [21]. The complete
calculation is shown in Appendix C.

1 Cmm‘
W2 =3 Come (02" + 22 [(0,)+ (1)

Cmmc 2
+ G ) (02,)+ 022, + (12,)'

WE ~ %C’ (vZ.)?

(1a)

(1b)

B. MMC model in SRRF interfacing AC and DC grids

In Fig. 2, the single terminal MMC model with its AC
and DC sides Points of Common-Coupling is shown (PCC-
AC and PCC-DC, respectively). The variables P, =v4.7; and
Py. = vg4.14. are powers interacting on the PCC-DC, while
P, correspond to the output power on the PCC-AC.

1) DC-side connection: At this stage, the DC bus is mode-
led by (2), where Cy. represents the sum of all the equivalent
capacitance of the cables connected to the PCC-DC and ¢; is
the equivalent current from the DC grid.

dvdc
C(dc dt

2) AC-side connection: The AC current dynamics iﬁq are

modeled as:

=i —ige = iy — 30> 2)

di%,
dt

where L= L2+ LY, R%RgﬁRG and v§, =07, v5]T. The
voltages vpcc [V, vbe] T are calculated as follows [22]:

+1
= Vnaq — V5 — Rigy — wL {_é] 3)

L

e Lgc RG'Lgc _ RZCLG ) LG
Ve = L“ vG, + a 7 Z §q+7vﬁdq 4)

An overview of the model structure corresponding to the
MMC altogether with the AC and DC side equations is shown
in Fig. 3. The dynam1c equations of vmdq, 72r:quz’ vgdqz,
védqz, and quz can be found in the Appendix B.

C. MMC Energy-based control

Based on the proposed SSTI MMC model, a suitable
controller in dq frame can be designed. In this sub-section, the
Energy-based controller from [18] is recalled (variables with
superscript “*” correspond to reference values). However, the
dq frame from the control is not the same as for the MMC.
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Fig. 3. MMC model with Steady-State Time-Invariant solution.
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Fig. 4. Simplified Phase Locked Loop for SSTI-MMC control.

1) Phase-Locked Loop: Indeed, the dq variables from the
AC side of the MMC (currents iﬁ] and voltages v% cc) are
referred to the SRRF at the frequency w from the AC gnd (i.e.
axes dq in Fig. 4(a)). The angular frequency w is estimated by
a Phase-Locked Loop (PLL) at the PCC-AC, obtaining w¢ as
well as the estimation of the angle # between the phasors V¢
and Vpcc given by Oc. In the following, the variables v}
and 2 dg> are linked to the frame dq with the transformation
TC(QC) as shown in (5) for a generic variable Z4q = [T4, 74",
obtaining S, = [2{,2{]" [23]. The inverse T is also
used in order to calculate the physical output voltages, as it is
described in the following sub-section.

[xg} _{—l—cos(@c) —sin(ﬁc)] M -

C .
o +sin(6c) +cos(0c)| |zq4

Measured signals Tc(6c) Physical

sent to controller variables

The structure of the PLL is shown in Fig 4(b), where
the transformations T (0c) applied to vy, ©, i, and also to
the MMC circulating currents igq with Te(—260¢) can be

observed.
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Fig. 5. Energy-based controller for reference SSTI-MMC model from Fig. 3
— AC and DC power references in red (More details in [18]).

Fig. 6. Energy Management Control # 1: Energy control via DC power with
constant reference used in [18].

2) Energy-based controller structure: The global control
structure is shown in Fig. 5. It is based on the Circulating
Current Suppressing Controller (CCSC) from [24] and the
independent control of the AC and DC powers (P,. and Py.)
with an Energy management control block which is the main
focus of this paper and it is further detailed. The grid current
controller is a generic synchronous PI dg control with crossed
decoupling feed-forward terms “wLig,” and v}:©

Note that the outputs of the grid current controllers and the
CCSC (.e. vﬁ’dc:l*, vi’g]*) are respectively transformed from
the dq€ axes back to the physical dq frame with T;". The
modulation indices mqu and mdzqz are obtained acording to
the Un-Compensated Modulation tehcnique (UCM) adopted
in [17], i.e. dividing each modulated voltage reference by vg..

3) Energy Management Control #1: Energy controller via
DC power with constant reference: In Fig. 6, the dedicated
energy controller which regulates the total MMC energy to a
constant level is given [18]. As a common practice, the energy
reference WZE* is set to 1 pu: this means that, in average, the
voltages of the six arm equivalent capacitors are maintained
close to 1 pu regardless of the DC voltage at the PCC-DC.

The AC power reference P, is obtained through the output
of the DC voltage droop controller (with gain k;) and the set-
point P, provided by the Transmission System Operators
(TSO). The DC power reference P, is obtained by the sum
of the output from the energy controller and P;, sent as a
feed-forward action to improve the dynamic response.

4) Simplified energetic analysis of energy-based controlled
MMC on DC bus dynamics: From Fig. 2, the energy stored
on the DC capacitor (I¥,.) depends on the power exchanged
by the MMC with the DC bus (Py.) and the power flowing
from the DC-grid (P;) as expressed in (6), where it is assumed
that Py.= P}, for analysis purposes [14].

=P - P (6)

Step I: Jacobian linearization

LTI { Axtg = AgAzg + BgAug
9 Ayg = CgAzg + DgAug ,qu L AC Side
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Step I: Jacobian linearization Kg
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LTInL'rVLC:{ AyM =CpnpAzxpg + DpyrAupg

Fig. 7. Model of MMC with Energy-based controller, DC capacitor and AC
grid.

Assuming also that P,.= P, the approximated dynamics of

the energy stored on the MMC (WZE) are given in (7).
dW?Z* 1 d(vgz)2
-~ 27Tt
Replacing P from (7) into (6) yields:
d(vg.)?
dt

QP(;C_P;C (7)

1 dv? 1
50(10 dlcflc + §Cmmc

=P - P ®)

Assuming an ideal energy controller (i.e. WX = W), it
is implied that vZ, = vZ*, where vZ: = /(2WZ*/Crime)-
Consequently, if W2>* is constant, the term d(v3,)?/dt from
(8) is equal to zero. With this consideration, (8) results in (9).

1 dv2,

595 dt

Cesr

:-Pl_Pac (9)

Equation (9) shows that the effective capacitance seen from
the DC side (Cecyy) is only considering the equivalent cable
capacitance (Cy.). This simplified analysis is fundamental to
understand the main issues when decoupling the MMC energy
with the DC bus in MTDC systems: the voltage dynamics are
mainly governed by the equivalent DC grid capacitance [12].

D. LTI model of a single MMC

The LTI model of a MMC with energy controller interacting
with a MTDC grid is shown in Fig. 7, where the input-output
relations are highlighted. The algebraic equation used for the
WZ calculation is given in (1a).

In order to obtain the complete LTI model of the MMC
from Fig. 7, two steps are followed. Step I consists in
dividing the MMC model in two linear sub-models: LTI,.
and LTI,,,,., where each one is linearized by means of the
Jacobian linearization [25] and the states, inputs and selected
outputs of both state-space linear systems are given in (10) for
LTI,. and (11) for LTI,,,,. (the state variables £« correspond
to the integral part of the controller for state “x’).
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Step 1I merges both LTI sub-models with the methodology
explained in [26], leading to a single LTI representation which
gathers the MMC, controller and the AC grid as shown in (12).
The states and inputs of the concatenated LTI system are given
in (13), where the symbol “||” represents the concatenation.

Atyye = AmjcdTumc T Bujedumic 5
Aynrie = CmjcAzmc + DujjcAumc

Trc = [Ty o] € R (13a)

uniie = [0 W2 Pioo Qi iy 0§y i JTER (13b)

Controller Set-Points AC side DC side

III. MMC-BASED MTDC MODELING AND ANALYSIS

In this section, the MMC model from previous section is
used for creating a four-terminal MTDC grid.

A. EMT Simulation model of MMC-based MTDC grid

The four terminal MMC-based MTDC grid considered
in this paper is shown in Fig. 8. In the EMT Simulation
model used as a reference, the MMCs are modeled with the
switching “Model #2: Equivalent Circuit-Based Model” with
400 sub-modules per arm from [19] and the reduced switching-
frequency capacitor balancing algorithm from [24]. Converters
MMC-1, MMC-2 and MMC-3 are connected to onshore AC
grids (with SCR equal to 10) and they are equipped with
DC voltage droop controllers. The DC grid is composed by
four cables with equal length (70 km), namely “C'1”, “C2”,
“C3” and “C4”, with detailed Wide Band cable models whose
parameters are given in [27]. The chosen cable length is in
accordance with real HVDC offshore projects [28].

AC-grid 1 MMC-1 DC Grid MMC-3 AC-grid 3
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&F2al (DC Node 1) 1 4, | i 13 (DC Node 3)
T il ] : ] | ; T
? i | ngq,lv’UE‘dqz,ll] ";ﬁ.,,li 1 RL : :mgq,s Ill%,amgdq:,s 1 i ?
v§1 : i|vCaqz,1;Vac ’"’quzli ..y;ry(.);:‘..‘ Mdqz3| § VGaazs; vie: : oG
d MMC-1 ] : ] MMC-3 d
i ] i | FD-IT i
5 controller | cables controller  [®=+ o
§ ; Vi3 Pacar Ques Wi
02 1.2 VSC MMC-2 | §' Vg / \ Vgea t VSC MMC-4 Uoegl Simp.
AC Sidel —— + DC Capacitor I + DC Capacitor WF
ihya (DC Node 2) 171, 4 4 (DC Node 4) iqu,A Model
T . ] .
052 : ‘ VCdqz,2; Vde,2 qu,,zi Magz,4 VCdqZz,4> Vde 4| ow
Pouhes MMC-2 3 MMC-4
- =i-ie controller Voltage/Freq.

controller

c,27 QZ( 2 B
MMC-2 MMC-

Ax Ak oo
V.4 Vg, 40 Wi, Wiy

AC-grid 2 Wind Farm

Fig. 9. SSTI model equations of MMC-based MTDC grid for linearization.

The model of the Wind Farm (WF) is much simplified and
assumed to be a simple power injector (P, ) as depicted in
Fig. 8 without losing generality, since this study considers
the abrupt disconnection of the WF. The AC-side control of
MMC-4 modulates the AC voltage with v =1 pu and vy’ =
0 pu and a frequency w*.

B. LTI modeling of MMC-based MTDC grids

The LTI model of the MTDC grid is obtained following
a step-by-step methodology, where the overall state-space
representation of the system is obtained by the concatenation
of previously linearized sub-systems (DC grid, AC grids and
MMCs with their controllers). The whole system is shown in
Fig. 9 and the main steps for obtaining the state-space linear
representation (LTI model) are discussed in the following.
o Step 1: Creation of DC grid in state-space representation:
Each cable is modeled with the Frequency Dependent-PI from
[27], with three parallel branches per cable. This model is
linear by nature since it is composed only by RL components
(the endpoint capacitors are considered in the converter models
as in [27] without losing generality). The DC grid LTI model
is shown in (14), and the states and inputs are given in (15),
where if’”123 = [i€7 i, zfjd}T represents the currents in the
j-th FD-II cable model.

A-’1.3dc = Achmdc + Bchudc (14)
Aydc = Cchwdc + Dchudc
. T . T . T . T
Lde = [1%’,1123 z5,2123 15,3123 @gﬁzs ]T eR™?  (15a)
Ude = [Udc,l Vdc,2 Vdc,3 vdc,4]T S R4 (15b)
Yde = [i11 11213 11,4] € R? (15¢)

e Step 2: Creation of LTI models of MMCs with DC
capacitor and controllers in state-space representation:
Each converter is modeled and linearized as discussed in
Section II-D. However, the DC capacitance Cy. from Fig. 2
is now the sum of the capacitors of each cable connected at
a given PCC-DC. Also, the current 7; reaching towards this
equivalent capacitor (see (13b)) is now provided by the sum
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Station Nominal power [MW] Py [pu] vdc [pul
MMC-1 1200 1.193 1.0000
MMC-2 1000 0.400 1.0017
MMC-3 1000 —0.600 1.0041
MMC-4 1000 Pgc=-0.993, P,y =—1 1.0053

Fig. 10. The two step process to calculate the MTDC Operating Point.

of the cable inductors connected to the converter n, namely
11,n. The model of MMC-4 and the associated wind-farm is
modeled in a similar way as the rest of the converters, and the
LTI model is shown in (16) and (17) noted as “M ||W”.

Atyw = Amw AZaw + Bagw Auaiw 6y
Ayrw = Curyw Az nryw + Daryw Aunriw

T w = [57;; ” §ws, ing 4T"’gdqz,4T véqu,AlT Vdea] T ERM (17a)

wnw =[50 @i WEGiZr, " 8 iy Pug]T €RY® (17b)

ymw =Zarw € R (17¢)

e Step 3: Calculation of Operating Point (OP): A DC load
flow calculation is used to obtain all the DC voltages and
currents at each PCC-DC (OP1). This information is used to
solve the non-linear equations of each MMC-SSTI in a step-
by-step process as illustrated in Fig. 10 (OP2).

e Step 4: Concatenation of linear subsystems: Once the
solutions of the operating point are obtained, it is possible
to obtain numerically the matrices Anz e, Baa: Cm|c
and Dpg e of each MMC-LTI model (see (12)), and then
combined into a single state-space global representation with
the MMC-4, WF and DC grid as shown in (18). The MTDC
states Tmtde and inputs U.,ide are shown in (19), where
a:R”/I” o represents the states from (13a) for the MMC-m and
their AC grids.

AiTntdc = AmtdCAwmtdc + Bmtchumtdc (18)
Ayrn.tdc = CmitdcATmtde + DmtdeAUmtde
T T T 3
Tontde = [T e w}VI”G :E';’\duc m?\/IHG zagw ! [T R (19a)
T T
— * G
Umtde = [vdc 1 W PacO 1 Qac 1 ldq, vdq, (19b)

MMC-1

* Sk * * S >PE e
"Udc,2 WZ,Q Pac(),2 Qac,Z qu, vdq,

MMC-2

sk 1 .G T

*
. Udc 3 W PacO,S Qac 3 qu 3 vdq,
MMC-3
Ax . Ax T T 31
Vmd.d Umg.a Wi W 9 'qu 4 Pus] €R

MMC-4 and WF

In the following, the obtained LTI model (18) is used for
the dynamic analysis of MMC-based MTDC grids.
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Fig. 11. Small-signal scenario: Comparison of time-domain simulations of

EMT and small-signal model (LTI) of a four terminal MTDC grid - Converters
are equipped with Energy-based controllers with constant energy references.

1) Time Domain Validation: In order to validate the small-
signal modeling approach, two time-domain simulations are
performed with the EMT model of the MTDC grid in EMTP-
RV from Fig. 8 and the small-signal model from (18) with
Matlab/Simulink: small-signal and large-signal scenario. The
simulation cases start with a DC load flow provided in Table II
(note that Pj. for MMC-4 is not exactly the same as P,
which is measured on its AC-side). The droop parameters kg
for each converter are set to 0.15 pu, for having an allowed
£0.05 pu of DC voltage deviation around the operating point
for a total loss of 1 pu of power imbalance on the DC grid.
The arm capacitor voltages v3, are set to 1 pu due to the
constant energy reference. The response times for the inner
current controllers (iﬁl, ing) are set to 5 ms, while the
energy controllers are set to 50 ms. The main MMC and cable
parameters are gathered in the Appendix A.

For the small-signal scenario, the WF power is reduced in
0.1 pu at t = 20 ms. Simulation results for the DC voltage v,
arm capacitor voltage ng, DC power Py, and WF power P,,
for MMC-4 are shown in Fig. 11. As observed in the results,
the LTI model reproduces accurately the system response. For
the rest of variables, no noticeable discrepancy is observed.

For the large-signal scenario, the WF is disconnected at
t = 20 ms, manifesting a sudden reduction of 1 pu of wind
power production P, ;. Simulation results for the DC voltages
for MMC-1 and MMC-4, arm capacitor voltage v(Ejz for MMC-
1, and DC powers are shown in Fig. 12. The voltages for



:
: X
2 WE
AD 005 b m o mm Qe = g s o oo oo
£ 093 |
0.91 || == vaer = EMT = = ~v4ey = LTI ——=vg,, = EMT -~ -v§,; — LTI L
1 ! — Vg — EMT ]
= == =vgea — LTI
2 0.05 b = m o Mg = = - - = g s P ———
S 093 ,
091 ‘ j ‘ ‘ ‘ ‘ ‘ ]
20 40 60 80 100 120 140 160
Time [ms]
‘
1F |
o5l MMC-2 |
= v MMC-1
= 0f o e e st e e
& MMC-3 — Fe — EMT
—05L - = =Pp— LTI
) v — Py
1 e L W N ST TS e =
20 40 60 80 100 120 140 16¢

Time [ms]

Fig. 12. Large-signal scenario: Comparison of time-domain simulations of
EMT and small-signal model (LTI) of a four terminal MTDC grid - Converters
are equipped with Energy-based controllers with constant energy references.

MMC-2 and MMC-3 behave similarly as for MMC-1.

As observed, the abrupt step on P,y causes a severe
transient behavior on vg4. 4, and the 30.05 pu limit on the
DC voltage is easily violated for all the terminals, which is
not desired, as it causes aging and requires an oversizing of
High-Voltage components [29].

2) Singular Value Decomposition (SVD): The SVD method
may be considered as an effective tool for the analysis of
Multi-Inputs and Multi-Outputs (MIMO) systems, which is
equivalent to the transfer function approach for Single-Input
and Single-Output (SISO) systems [30], [31]. Indeed, since the
studied MTDC grid is a MIMO system, the SVD method is
suitable for its frequency analysis [3]. In this paper, the focus is
given to the evolution of the variables v ,,, and v%’z.'m with re-
spect to the variation of the WF power deviation AP,, £ S0 tWo
different Single-Input Multi-Output transfer functions (SIMO)
are considered: first, the function G1(s) is focused on the
evolution of the DC voltage deviation of the four stations with
respect to APy, 80 Yg, = [AVde1 AVde2 Avge 3 Avch]T
and ug, = AP, . Second, the function G2(s) considers the
voltage deviations on the arm capacitor voltages of MMC-
I, MMC-2 and MMC-3 also with respect to AP,f, so
Ya, = [Az%z,l Avg%2 Avng) Avng] T and ug, =AP,y.

The study aims at determining if the DC voltage deviation
or the arm capacitor voltages of each converter station (the
outputs yg, and yg,) are maintained within the acceptable
range, which is set to 5% for any power reference change
of the WF (the input u¢, and ug,), both from a static and a
dynamic point of view. This limit is selected based on [2], [32].
The maximum allowable voltages deviation and the maximum
possible power reference change of the converters can then be
represented as a gain boundary in the frequency response of
the MTDC system. In fact, by ensuring that the maximum

0.05

Frequency [Hzl

Fig. 13. SVD results for a sweep of the droop gain kg of the MMCs —
Constant energy reference for onshore MMCs — P,y = —1 pu.

singular value & does not bypass the gain boundaries corre-
sponding to the voltage deviation, the linear MTDC system is
assured to comply with the imposed constraint [33].

The boundary for a maximum allowed deviation of the DC
voltages AvT® or arm capacitor voltages Avg™™ of 5% with
respect to a power variation of the WF APSSJ}’ of 1 pu is given
by (20):

4 2 4 2
max 2max
= (Aﬂd(c,i) P (Avcm )
20log; | ~———=—| =20logyy | +———| = -20dB (20)
dev dev
(ari) (ari)
Limit for G4 (s) Limit for G (s)

In Fig. 13, the results for a sweep of the droop gain kq4
of all MMCs at the same time are shown (the stability has
been verified for all the sweep). Since the SVD results for
G1(s) and the considered parameters are crossing the —20 dB
boundary defined in (20) when the droop parameters approach
to 0.15 pu, it implies that the DC voltages are violating the
+5% for certain frequencies of the input P,y (which are
easily excited in transients). Only for low values of k4 the DC
voltage dynamics may be guaranteed, but it may increase the
potential risk of interactions with the AC-side and the stress
on the high-voltage equipment. This demonstrates that only
the tuning of %k, is not sufficient to guarantee an acceptable
damping for the system. With respect to the SVD from G2(s),
MMC capacitor voltages are well maintained within the limits,
due to the constant energy references.

In the following sections, an in-depth analysis is carried out
to improve the SVD results and hence, the dynamic behavior
of the DC voltages in MMC-based MTDC grids.

IV. ENERGY MANAGEMENT CONTROL VARIANTS

Two different variants are now considered and analyzed
for the energy management control from Fig. 5: the Virtual
Capacitor Control from [14], and a novel derivative control.

A. Energy Management Control #2: Coupled MMC energy
with DC bus with Virtual Capacitor Control from [14]

In this strategy, the Energy management control in Fig. 5 is
slightly modified for enabling the participation of the internal
energy on the DC bus voltage dynamics. This is performed
with an appropriated modification on the energy reference as:

1
WZE* = 5 \KCmmc (v(%(} - 1}300) + WZEO* (21)

Virtual Capacitor
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Fig. 14. Energy Management Control # 2: Virtual Capacitor control [14].

where vg.0 corresponds to the steady-state value of the DC
voltage and WX is the desired initial stored energy. The
parameter K is referred as “Capacitor Coefficient” and defines
how much of the energy WX varies according to the DC
voltage deviation. Now, the arm capacitors voltage reference

vg: can be related to the energy reference as:

. 2W
v G = Kk k) W @)

As in Section II-C4, the effective DC bus capacitance
Ceyry is recalculated: substituting (22) into (8) and taking
into account a perfect energy controller (i.e. assuming that

vgz = 1%3;), it yields:
1 dv>
— (Cye + KCrme) —3¢ = P, — P* 23
5 (Cac + ) 7t ) e (23)
Cesr

As shown in (23), the effective DC bus capacitance C.
considers Cy. and also K times the total MMC capacitance.

The implementation of the Energy Management Control #2:
Virtual Capacitor control is shown in Fig. 14.

1) Time domain simulations: For evaluating the energy
management strategy, the same large-signal time domain simu-
lation as in Section III-B1 is performed. The energy references
for converters MMC-1, MMC-2 and MMC-3 are given by (21),
with K = 1.5, while maintaining the constant energy reference
for MMC-4 attached to the WF. The LTI model of the MTDC
is re-generated taking into account the modification on the
energy reference with (21). Simulation results for the DC
power and voltages are gathered in Fig. 15. The DC voltages
at each converter are now maintained under the %5 limit.

2) Limitations of Virtual Capacitor Control in droop-
controlled MTDC grids: The DC voltages are near their
nominal values only when a dedicated master controller sets
the proper references for regulating the DC power flow.
In case of transients causing a power imbalance, the DC
voltage experiences a deviation due to the proportional droop
controllers. Consequently, the term v3, — v3,, in (21) is not
zero, so a deviation on the energy is expected for the steady
state condition after an event (as it can be observed in the
arm capacitor voltages vZ, in Fig. 15). This difference on
the energy level will exist until a dedicated master controller
regulates again the stored energy.

This characteristic can be seen on the SVD from Fig. 16,
where a parametric sweep of K is performed (from K = 1
up to 2.4 for each MMC onshore). The SVD from G shows
that by increasing the value of K, the low frequency behavior
of the MTDC is attenuated (as the stored energy is virtually
increased). However, the SVD from G5 shows that the final

[pu]

A 0.95
5093
0.91
1F ! ! ! —vges — EMT J
= k'p\' == =44 — LTI
2 | W N e - - — o
I T e s
S 093} 1
091 ; ; ; ; ‘ ‘ ‘ ]
20 40 60 80 100 120 140 16
Time [ms]
I T
1L il
MMC-2
05 1
= v MMC-1
2 S
= MC-: — Lie =
< sl MMC-3 R
v — Py
1 T =]
i i i i i i i
20 40 60 80 100 120 140 16

Time [ms]

Fig. 15. Comparison of time-domain simulations of EMT and small-signal
model (LTI) of a four terminal MTDC grid - Converters are equipped with
Energy-based controllers with the Virtual Capacitor control (K = 1.5, kg =
0.15 pu).
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Fig. 16. SVD results for a sweep of K - Virtual Capacitor control - G'1: Input

u = Py, Outputs ¢ = [Vgc,1 Vde,2 Vde,3 Vde,a] | : Ga: Input u = Py,
Outputs y = [vgz’1 ng,z V&3l — Pwf=—1pu, kg =0.15 pu.

deviation of the arm capacitor voltages are compromised when
the capacitor coefficient K is increased. If the energy deviation
is excessive (hence, the arm capacitor voltages are heavily
discharged), there is a potential risk of hitting the converter
limits since the arm capacitor voltages has such a low value,
that it is not possible to form the desired arm voltage needed
for the proper operation of the converter.

This phenomenon makes the choice of K a complicated task
since several limitations should be taken into account. In the
following section, a different approach for controlling the DC
bus voltage while keeping the concept of energy sharing is
given, which overcomes these limitations.

B. Energy Management Control #3: DC Power Derivative
Control

Contrary to what has been shown in Figs. 6 and 14, another
feasible arrangement could be to control the MMC internal
energy with P, and the DC voltage with P}  [34]. Doing
so, it is possible to add a derivative term with respect to
“(KChpme/2)v3.” to the DC power reference generation P,
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Fig. 17. Energy Management Control # 3: Derivative control.

. ‘ ‘ ‘ ‘ ‘
% ﬂ< . < /W
AL 005 b mmmmm mm mmmm———mmm EEE  ai
£ 093 |
0.91 7‘ — et — EMT = = =vgey — LTT =t — EMT == -v5, — LTI *
T T T T
o \ — vaea — EMT |
Z f _ o |m=-vaa— LTI
R . e ey g e =
< 093} |
0.911 i I I ] ] i i ]
20 40 60 80 100 120 140 16¢
Time [ms]

Fig. 18. Comparison of time-domain simulations of EMT and small-signal
model (LTI) of a four terminal MTDC grid - Converters are equipped with
Energy-based controllers with derivative control (K = 1.5).

(see (24a)) for obtaining the virtual capacitor effect from the
Energy Management Control #2 as shown in (24b).

1 d’U?l Kcmmc dUﬁ
~C,;. —4< — p — (P* P — 24
ZCdc dt [ ( droop + dcO + 2 dt ) ( a)
Derivative term
1 dvg ] ]
5 (Cac + KCrmme) =€ = Pi = Piro0p = Pig (24b)
—_——

Cerr

The Energy Management Control #3 is given in Fig. 17,
where the main characteristic for this case is that the genera-
tion of P}, and P]_ are inverted with respect to the previous
strategies: the total energy is controlled via P}., while the
droop-controller acts directly on the DC power reference P},
in addition to the derivative term. Moreover, a washout filter
(Low-Pass Filter (LPF) with a time constant of 1 ms) is added
for overcoming the fast changes of the derivative action.

1) Time domain simulations: The same time domain simu-
lation is performed as in previous Sections for the energy
management strategy from Fig. 17, and results are shown
in Fig. 18. Comparing the results from Fig. 18 with the
waveforms from previous strategy in Fig. 15, it can be noticed
that the DC voltages behave similarly.

2) Linear analysis: Results in Fig. 19 considering the
derivative control show that the deviations of the arm capacitor
voltages are not violated anymore for the same values of K.

C. Offshore converters participation on DC dynamics support

As observed throughout the different SVD results in this
paper (Figs. 13, 16 and 19), the peak around 650 Hz is always
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Fig. 19. SVD results for a sweep of K — Derivative control - G1: Input
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Fig. 20. SVD results for Derivative control with K = 2.4 - G1 and the
individual transfer functions.
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Fig. 21. Participation of offshore converter in DC bus dynamics improvement:
SVD results for a sweep of K of MMC-4 with Virtual Capacitor Control
(K = 2.4 for onshore converters) — P,y = —1 pu.

present. The information given by the SVD is condensed in
a single graph and the explanation of this resonance cannot
be directly adjudicated to a part of the system without further
analysis. In Fig. 20, results for the SVD from Fig. 19 with
K = 2.4, and the individual transfer functions are shown high-
lighting that the aforementioned resonance is mostly related
to the DC voltage of the converter connected to the WF (i.e.
Vde,a(8)/ Py s(s)). This resonance is inherent to the system and
it cannot be attenuated by the control actions on the onshore
MMCs. This is coherent with [10], where it is suggested that
the WF could also participate on the DC dynamics support.

Indeed, the aforementioned improvement can be assessed
with an appropriated Energy Management Control on the off-
shore converter as e.g. the Virtual Capacitor strategy discussed
in Section IV-A (even if they are not equipped with droop
controller). For exemplifying this concept, a parametric sweep
of K of MMC-4 equipped with the Virtual Capacitor Control
is performed, varying from O (constant energy reference) to 1
(contribution to the effective DC capacitance of C;,c). The
rest of the system is the same as for Fig. 20. Results are shown
in Fig. 21, where it can be seen that for values of K > 0.2 on
MMC-4, the dynamic response of the DC grid complies with
imposed voltage limitations for all the frequency range.



Table III
CABLE PARAMETERS FOR THE FREQUENCY-DEPENDENT II MODEL
Parameter Value Parameter Value
RL branch 1: T2 0.1265 Q/km 21 0.2644 mH/km
RL branch 2: T2 0.1504 Q/km lz2 7.2865 mH/km
RL branch 3: 7.3 0.0178 Q2/km l.3 3.6198 mH/km

Shunt elements: 9y 0.1015 uQ2~ 1 /km Cy 0.16156 uF/km

V. CONCLUSIONS

This paper presented a dynamic analysis of MMC-based
MTDC grids, focused on the study of different control a-
pproaches of the management of the MMC internally stored
energy. By using detailed MMC models suitable for small-
signal stability analysis, the methodology for obtaining li-
nearized MTDC models was presented. The linear models are
validated with time-domain simulations in comparison to a
detailed EMT model. With the Singular Value Decomposition
method, the obtained models are exploited to identify the
impact of MMC Energy-based controllers on the DC vol-
tage behavior and arm capacitor voltages. For a given DC
voltage limitation range in steady-state and during transients,
it is shown that the proportional droop control technique is
inefficient for limiting the DC voltage variations for the whole
frequency range without further MMC control modifications.
In small MTDC grids, it may possibly be allowed to loosen
the imposed limitation, but with targeted improvements on the
MMC control (without changing the droop value), the DC
voltage deviations can be reduced even for fast dynamics. In
this paper, it is proven that the DC voltage deviations can be
effectively limited if each MMC can use its own dedicated
internal energy management control strategy for increasing
the effective DC capacitance of the whole DC grid (even the
MMCs connected to wind farms without droop controller).
This feature is particularly interesting in HVDC projects where
the premature aging of the cable and accessories is one of
the main concerns. Furthermore, two different options were
studied in this paper, but it is expected that new strategies
will arise based on the MMC energy management approach.

APPENDIX
A. System Parameters

The cable and MMC parameters are listed in Tables III and
IV, respectively. The variables 7« and («~ are the response

Table IV
MMC PARAMETERS (7, (z: RESPONSE TIME AND DAMPING FOR
VARIABLE “z”)

Parameter Value Parameter  Value Parameter  Value
Utn 320 kV Ry 0521 Q A 10 ms
Py See Table 11 L N 58.7 mH Tiz 5 ms
Vden 640 kV  Rarm 1.024 Q T 50 ms

Carm 32550 F  Larm 48 mH (A,CF, ¢ 0.7

(27) and (28), the dynamic equations for z'()i:qz, 'vgdqz and
védq » are respectively shown.

= 0 - +2wi
digg. 0 _ Ymdgz _ Rarm iz 4 —QUJZ'% (26)
dt vy Larm Larm ~dqz d
2Larm 0
dvZ
Cd
— % = Dwug, —2wug, 0 27
dtq Cq Cd
4 0 4iF iy iq] rm=
tyon | 0 4T Ay g —ig | A
2y 26 4F i if dq
WEaqz A A A N
70 = | —wug, wugy —3wugy, 3wvczd} + (28)
i3 —ii 2 2T+ 47 -2
Ly =iy 2l —2i 4iT =205 | [my,
8Carm | 45 i 0 2i% 21; m,
iy —ig 0 =245 20

The Park transformation adopted in this paper is shown in
(29), where n takes the value 1 or —2 for “A” or “X” variables,
respectively.

cos(nwt) cos(nwt — 2F)  cos(nwt — 47
P, =2 | sin(nwt) sin(nwt—2F)  sin(nwt — 4F) (29)
: 1 1 1
2 2 2

C. MMC Total energy calculation

The energy stored in the upper and lower arms, respectively
W[ and W} with j € [a, b, c], are calculated as follows:

. . . [Tat) 1 2 1 2
times and damping coefficients for the controller of “x”. WjU _ 50(”% (Ugj) : WjL =3 Corm (Uéj) (30)
B. MMC-SSTI non-linear model equations The total energy W2 is defined in this paper as:
The expressions for the modulated voltages ququ and
V3 4q= are shown in (25) (at the bottom of the page). In (26), WE=wV+wkirwl +wf+wlV+wl @31
P P A A A A
206, 0 V54 Vgq T Uz, VCz, —VCq
)] 0 21}%’2 2U§’q 7Uéq - UéZ UéZ —Vcq b
Yidgz| _ 1 2 > ) a ‘A Mg
== v v 2v v v (25)
Uind d—pxt 5l X sl S Maq
N *UACd - UACZI ’qu + UCAJZ *2”211 —UCa . 2ve, g Veq .
Vg —VCz, VCd~VCz, —2VC4 Veq VGq — 2VG,
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