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Modeling, Control, and Operation of an M-DAB

DC-DC Converter for Interconnection
of HVDC Grids

Seyed Saeid Heidari Yazdi
Amir Heidary

, Kumars Rouzbehi

Abstract—Future high-voltage direct-current (HVDC) networks
based on voltage source converters (VSCs) will have different struc-
tures (asymmetric monopolar, bipolar, or symmetric monopolar),
voltage levels, control, and protection schemes. Therefore, dc—dc
converters are needed to interconnect those VSC-HVDC grids and
several technical issues on their control and operational systems
must be adequately addressed. A dc—dc converter based on a
modular-dual active bridge (M-DAB) converter is suggested to
reach a desirable interconnection of the HVDC grids and regulate
power flow (PF) between them. A dynamic averaged model is
proposed for the M-DAB converter and its stability is analyzed
using the Lyapunov function. Moreover, a new local controller
based on nonlinear control theory is proposed for the M-DAB.
The new M-DAB local controller is integrated with the energy
management system (EMS), by updating the PF equations, to create
a complete control structure. Considering the CIGRE DCS3HVDC
test system and the studied M-DAB, static, dynamic simulation,
and experimental studies are conducted and the dc—dc converter
and the performance of the designed controllers and the EMS are
examined and validated.

Index Terms—DC-DC converter, HVDC grids interconnection,
modular dual active bridge (M-DAB) converter, MT-HVDC grids,
nonlinear control.

I. INTRODUCTION

DVANCEMENTS of the semiconductor industry have
made the voltage source converters (VSC) based multiter-
minal HVDC (MT- HVDC) grids an ideal solution for integrat-
ing offshore renewable generators and onshore power systems,
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high power transmission in long distances, and interconnection
of asynchronous ac networks [1], [2], [3]. Future VSC-HVDC
grids might be asymmetric monopolar, bipolar, or symmetric
monopolar and each type needs proper grounding structure.
Those HVDC grids might also be from different rated volt-
age, converter technology, control, and protection philosophies
[4]. Therefore, fully rated and highly reliable dc—dc converters
should be employed to interconnect those HVDC grids. DC-DC
converters can also act as a dc transformer, power flow controller
(PFC), and dc circuit breaker [5], [6], [7], [8], [9].

For the discussed application, the step ratio of the dc—dc
converter (n) is expected to be low (1< n<1.5) and it should
transmit full power flowing between two HVDC grids in both
directions. In this sense, it should be highly reliable, just like a
transmission line. If the dc—dc converter is to be placed on an off-
shore substation, its footprint and weight should be minimized.
This converter should prevent the propagation of dc faults to
other healthy HVDC grids; thus, several protection zones will
be formed. In this application, galvanic isolation is not crucial
for component safety; however, it can reduce the complexities
of the interconnection process (e.g., grounding coordination)
and facilitate voltage stepping and blockage of dc fault. Several
dc—dc converter topologies are recommended for the studied
application; a comprehensive review of the available topologies
is presented in [10], [11], [12]. On that basis, dc—dc converters
can be divided into three groups.

The first group is based on dc—dc converters formed by a
single branch, and the same (chopped) current can flow through
the input and output terminals. They are typically restricted to
two-port topologies and have a simple topology. Utilization of
these converters in HVDC applications requires the construc-
tion of switch valves by combining single switches in series.
Static and transient sharing of voltages between those series
switches is challenging and cannot cope with the emerging high
voltages [10].

The second group contains multiconversion stages convert-
ers, excluding modular multilevel converter (MMC) and its
variations. They usually have two converter bridges and an
internal ac circuit. High-power dc—dc converters include both
nonisolated and isolated topologies. These dc—dc converters can
interconnect a couple of dc grids with different nominal voltages.
Three techniques are available for nonisolated converters to
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reach a high stepping-up/down voltage ratio: inductor-based,
capacitor-based, and inductor-capacitor-based. How to realize
isolation for the gate drivers, how best to organize the series
connection of semiconductor devices, and how to obtain a de-
sired electrical isolation between the generation and the dc link
are challenging for nonisolated converters. Isolated converters
utilize transformers to obtain the isolation as well as to man-
age the voltage step-up/down. Dual active bridge (DAB), dual
half-bridge (DHB), and the series resonant converter are key
isolated converters. Isolated transformers will provide galvanic
isolation and optimize switch utilization. To maximize power
transfer capability and efficiency, a suitable transformer should
be designed and the system should be operating under a high
switching frequency.

The third group consists of cascaded connections of indi-
vidual dc—ac and ac—dc converters [13], [14], [15]. Various
topologies (possibly MMC and its variants) can be utilized for
ac—dc and dc—ac converters. However, the application of the
classical MMC-based dc—dc converters operated by pulsewidth
modulation typically requires a bulky ac transformer [16]. From
the grid point of view, discussed cascaded combination can be
regarded as a dc—dc converter.

It is necessary to identify a proper dc—dc converter to perform
the role of the dc transformer and highly flexible PFC. Also,
appropriate dynamic and static models should be proposed for
the identified dc—dc converter. A control structure should also
be proposed for the meshed HVDC grid. Said control structure
should include local de—dc converter controller and supervisory
control center for the HVDC grids. Hence, the study approach
and contributions of this article are as follows.

1) Several candidate topologies are presented and compared.
Then, a suitable modular DAB (M-DAB) converter topol-
ogy is suggested, evaluated, and utilized to study the static
and dynamic aspects of the HVDC grids interconnection.

2) A dynamic averaged model is proposed for the M-DAB
converter. Based on the proposed model, a methodology
based on Lyapunov theory and a local nonlinear controller
are proposed. They are to study and improve the asymp-
totic stability of M-DAB and their effective performance
is studied by simulations and validated by experiments.

3) A comprehensive supervisory layer is proposed at the grid
level by including the M-DAB converter in the power flow
(PF) equations of the HVDC grids.

4) Performance of the M-DAB and grids’ overall control
framework is evaluated and analyzed. Set-point changes
are applied to the power flowing from the HVDC line inter-
connecting two HVDC grids and also power generated by
the wind farms. Both simulation and experimental studies
are conducted.

II. LITERATURE REVIEW AND SUGGESTION OF M-DAB POWER
CONVERTER AND RELATED CONTROLLERS

A. Topology Selection and Design Criteria

It is desirable for dc transformers inserted into HVDC grids
to i) offer high voltage scalability and galvanic isolations by
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Fig. 1. Topology of DAB dc—dc converter.
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Fig. 2. Suggested modular DAB (M-DAB) power converter.

embodying an interlinking medium or high-frequency ac trans-
former. Therefore, reactive power circulation will be minimized;
semiconductors of the higher voltage end will be better utilized,;
prevention of dc fault propagation will be easier; ii) apply low
(dv/dt) voltage stress to windings of the interlink transformer,
semiconductors, and other passive elements; iii) have minimized
weight and size for the interlink transformer and overall foot-
print; iv) preclude propagation of the dc fault while preserving
the safe operation of the converter, however, dc fault blocking
capability is not required; v) have a wide range of modulation
index to be able to support back-start of ac link and dc capacitors;
and vi) be bidirectional and have high reliability [10], [11]. The
focus is on high voltage (above 100 kV) and high power (above
500 MW) HVDC grids.

B. Suggested M-DAB Power Converter

The suggested M-DAB converter (see Fig. 2) consists of
modules of bidirectional front-to-front DABs based on full
bridges (see Fig. 1). Each full-bridge is connected to an input
dc capacitor and winding of the interlink ac transformer and
transmits a portion of the whole power. With a proper number
of modules, M-DAB can be scaled to high-voltage, high-power
applications and provide galvanic isolation. As low dc voltage
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will exist at each module, low (dv/dt) voltage stresses will
exist. Also, the frequency of semiconductors switching can be
increased well above 1 kHz to reduce the weight and size of ac
transformers. In industrial applications, the applied frequency is
typically around 6 kHz for 10 MW and square wave modulation
is adopted to reduce switching losses [17]. Weight reduction is
less subject to the mechanical constraints of ac transformers and
clearance spaces; because each module carries a fraction of the
total power. DC fault inception at one converter side will induce
inrush currents at the ac link that can be mitigated/controlled by
blocking/controlling the healthy converter. Therefore, M-DAB
satisfies all six desirable features, has high power density, and
is a decent candidate for PFC and separation of the grid into
several dc protection zones. Rich control philosophies exist for
this reliable converter that can operate M-DAB in a wide mod-
ulation index range. However, complex insulation coordination
for interlink ac transformers should be done.

Regarding the overall merits of the suggested M-DAB topol-
ogy (see Fig. 2), itis identified to be one of the most competitive
candidates for future HVDC grids. To conduct this study, a
modular configuration (see Fig. 2) based on DAB technology
(see Fig. 1) is utilized to reach high voltage and high power
requirements. In Fig. 1, R; and R, model the series resistance
of the two connected HVDC lines.

As shown in Fig. 1, a series inductance L is utilized as an
energy transfer component. To transmit power in both directions,
the control variable will be the time difference between the
voltages applied in the inductance L, V,, and V}, terminals. This
control variable is called “phase shift ratio,” d. The single-phase
shift (SPS) control can be simply implemented to control the
DAB devices. To obtain the average model of the DAB, the SPS
control is used in this study due to its simplicity.

C. Comparative Study of the Suggested M-DAB Converter

Apart from M-DAB and as per discussions of [10], [11],
candidates like 3-ph and two-level converter DAB [18], half-
bridge-based MMC (HB-MMC), and some variant topologies of
the MMC [19], [20], [21], [22] like controlled transition bridge
(CTB)-DAB [23], [24], transition arm (TA)-MMC-DAB [25],
alternative arm (AA)-MMC-DAB [26], and hybrid cascaded
two-level converter-DAB [27] satisfy the desired features partly
or completely. A detailed description of circuitries and the
control/operation mechanism of those converters is reported in
[10] and [11]. In this article, just a brief comparison will be
provided.

Two-level mode operation is suggested for all concerned
topologies, which have galvanic isolation, to reduce the con-
verter footprint and switching losses. However, M-DAB has
the lowest semiconductor elements (which facilitates size and
weight reduction) and significantly lower conduction losses
under the same voltage/power levels. HB-MMC (in multilevel
operation), hybrid cascaded two-level converter-DAB, and AA-
MMC-DAB have, respectively, maximum conduction losses;
thus, their utilization is not favorable.

3-ph and two-level converter DAB’s switch valves are con-
structed of a series of semiconductors and switches directly

IEEE SYSTEMS JOURNAL, VOL. 17, NO. 2, JUNE 2023

between +0.5vq.. Thus, it cannot operate in emerging high
voltages due to the challenges of static and dynamic blockage
voltage sharing and (dv/dr) voltage stress. The rest of the con-
verters have acceptable voltage stresses.

In comparison with M-DAB, the possibility for weight/size
reduction of magnetic elements by increasing fundamental ac
frequency is lower for other converters. It is since they have
more switches and their single ac transformer should be able
to bear higher mechanical stresses and satisfy higher clearance
distance; so, there will be volume constraints. For black start
support capability, lower modulation indices will be required
for two-level operated MMC, CTB-DAB, and TA-DAB, which
will require higher cell capacitances and increased footprint in
areasonable range. This partly describes why M-DAB typically
has a wider feasible modulation index range.

Regarding soft-switching abilities, most of the switches of the
two-level operated MMC, CTB-DAB, and TA-DAB do not enjoy
the zero-current turn-ON condition of the M-DAB’s switches,
where antiparallel diodes start conduction first. Regarding dc
faults, all four M-DAB, two-level operated HB-MMC, CTB-
DAB, and TA-DAB converters can alleviate fault propagation
and none of them can block dc fault; thus, their freewheeling
diodes will experience current stress for a short time. However,
as two-level operated MMC and TA-DAB converters do not have
input dc capacitors, they do not increase dc fault level.

D. Available Modulation Schemes and Control Methods for a
Single DAB Converter

Studies on DAB converters mainly focus on switch-
ing/modulation strategies instead of outer current control
schemes [28]. How to mitigate dc bias current (which happens in
dynamic operation) is reviewed in [29] for different phase-shift
modulations. Also, solutions to manage the circulating current
and extend the zero voltage switching span are analyzed in [30].
The already available control methodologies for closed-loop
(current) control methods are detailed in [31]. Those methods
include linearization control, disturbance-observer-based con-
trol, and feedforward current control. Closed-loop impedance
analyses were done to assess the dynamic performance in volt-
age/current reference tracking and load disturbance rejection.
Indices like implementation complexity, dynamics performance,
robustness against parameter variation, and implementation cost
are assessed. It is concluded that the mentioned controllers have
poor performance, considering the robustness against parameter
variation.

The critical point is that most of the already available control
methods focus on controlling the DAB converter’s output dc
voltage. In other words, they assume that one side of the DAB
converter is connected to a stiff dc voltage, and they project to
regulate the other side’s dc voltage which will feed a constant
impedance load. This is not the scenario when the suggested
M-DAB converter interconnects two HVDC grids and acts as
PFC/dc transformer. There exist very few research on the control
design on this scenario, which is the focus of this research.

The suggested M-DAB converter aims to regulate the current
flowing from the converter terminals. Little research exists on
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Fig. 3. M-DAB dc—dc converter placed between dc buses j and .

the current control mode regulation of the DAB converters
[32], [33]. SPS modulation are employed in [32], [33] and
a linearized dynamic model of the converter is utilized. The
linear proportional—integral (PI) controllers are used, and the
tuning rules are derived based on the developed dynamic models.
Linearized models of the DAB converters are obtained from
the original nonlinear model in the vicinity of the prespecified
operating point. In this sense, the linearized models and the
tuned PI controller might not behave as designed in the operating
points far from the operating point and stability margins might
be affected.

III. INTERCONNECTION OF VSC-HVDC GRIDS USING M-DAB
POWER CONVERTER

A dc—dc converter is suggested in this research work, which
is composed of an M-DAB power converter, to be installed
between two VSC-HVDC grids. The proposed dynamic aver-
aged models, nonlinear stability analysis, and nonlinear local
controllers for single-module and N-module M-DAB converter
will be given. Afterward, the PF problem of the interconnected
HVDC grids will be formulated and the proposed method to
include the suggested M-DAB converter in the static analysis
will be described. Such integration helps to specify suitable
control references for the grid’s active elements and realize
prespecified PF.

In Fig. 3, the M-DAB dc—dc converter and its associated
line interconnect bus numbers j and k, which are assumed
to have different dc voltage levels. Also, the dc—dc converter
controls the PF of the dc line connected between buses j and i.
Interconnection of buses j and k and PF control is realized by
adjusting the M-DAB’s transformation ratio, nm, from the grid’s

perspective
Vi
N = (V’“> (M
K]

where V; and Vj; are the dc—dc converter’s steady-state input and
output voltages as illustrated in Fig. 3.

A. Single-Module DAB: Average Model

Since each combination of switching states provides a differ-
ent electrical system, to model the power converter rigorously,
it is necessary to solve a different differential equation for each
combination. This way of proceeding is challenging; however,
since these combinations are cyclic, an averaging method can
contribute to obtaining a reliable model [34].
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Consider a signal f{t), which is not essentially cyclic. Its
averaged value, <f(t)>, on a time interval of T can be obtained
as

t
Ty =[ [fn)dn @)
t—n
The time derivative of an averaged signal equals its deriva-
tive’s sliding average

d d
GUO = (F50). ®

Considering these premises and the averaging method, the
state-space model of (4) could be obtained. In this model and
as it is shown in Fig. 1, the average value of the input current
i; 1s considered as the state variable, instead of the current
through the inductance. The reasons are well explained in [35]
and [36]; though, fundamentally, this is because inductance’s
average current would be zero in steady condition for a given
control variable d. Consequently, the following model can be
derived

(i) -2 0 FRaa-z2ia)
wer) | = |~or “me 0
<U(.12> C% ! CRG
(1) 0
x| (ucr) | + | mer |- @)
(we) |

Model (4) is nonlinear because the control variable is multi-
plied by the (state) variables. Since the intention is to regulate
the PF between two interconnected HVDC grids, in this case, the
main target would be to control the current i; using the control
variable d. At steady-state, the voltage level of the capacitors C
and Cy will reach the values estimated by the power model of
the system.

B. Single-Module DAB: Nonlinear Stability Analysis

The M-DAB converter should be able to realize its control
objective (e.g., regulation of power/current exchanged by two
interconnected HVDC lines) even if severe transients (sudden
change in the power exchange of VSCs or fault condition in
ac or dc parts) occur. So, nonlinear controllers are preferred
rather than linear controllers that only perform well under mild
disturbances and when the system operates around the operating
point that they are tuned for. Nonlinear system stability has been
extensively analyzed [37], [38]. To apply Lyapunov theory, (4)
should be expressed as

¥ =C+ Az + B(d)z 5)

where the following matrices present A, B, and C coefficients,
respectively.

—% 0 0 0

_ -1 __1 _ Vi

A - Cq R.1Cq 0 7C - R, Cy
n_ 0 _ 1 \1/2
Cy Ry Co R5Co
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0 0 Tfnd(1-2]d) (in)
B= 10 0 0 ,x= |{uc1) | . (6)
00 0 (uca)

There would be only a single control variable in equations;
thus, d will be utilized to control (i1 ) considering the PF require-
ments between two HVDC grids.

The tracking error is also defined as

(i1) = (i1) — (i)" (7

where (i1)" represents the reference for the variable.
Considering symbols of Figs. 1 and 3, (i1 )" should be calculated
as  (i1)" = P*/(uc1)” + (1/Ram)[(V; — Vi) = (V; = V)]
where P* is the power reference, Rgir is the differential
droop slope, and superscript * denotes the reference of a
variable. The first term in the equation of (i1)" regulates the PF
between HVDC grids; while, the second term emulates a virtual
resistance on the connected line of Fig. 3 and adds to the overall
stability during transients. The discussed virtual resistance will
be zero in the specified operating points and all references in
the equation of (i1)" will be specified later by the PF analysis.
To converge the current to the related set-point, energy is
needed that can be expressed by a Lyapunov function as follows:
~ 2
v =Sl — )" = 540 ®)
The time derivative of the defined Lyapunov function is as
follows:

R ~ TRn (i1) (ucs)

r=\-7 (i) (i) + 72 (d—=2d|d])]|. 9

To obtain a negative derivative, we can select

R . +TRn<ucg>

-7 (i1) 7 d(1—2|d) = —a. (i1)

(10)

with o > 0. Therefore

~

b= —a. (i) <0,V (i) £ 0 (11)

that shows the DAB converter is asymptotically stable. The
proposed nonlinear controller can be implemented as shown in
Fig. 1.

C. N-Module DAB: Generalized State-Space Modeling and
Nonlinear Stability Analysis

The DAB state-space model can be generalized to M-DAB
state-space model. Considering the state-space representation
of (4) and Fig. 2, and taking into account that the converter is
composed of N modules, the M-DAB’s generalized state-space
model could be written as

Al SQ SN Cl
p= |52 A2 S|y |2 (12)
Sy Sy ... An Cy
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where
TRn;
0 T -20g)
Aj= "o, “wEo, 0 (13)
U 0 _ 1
15 R2Cy;j
0 0 0
1
S = T ROy, 01 (14)
0 0 ~RaCs;
0 T
Ci= | mer (15)
Vo
Rngj
x = (i), (ucn), (ucar) -, (iin) , (ucrn) s (ucan)] "
(16)
The optimal performance of M-DAB is obtained when the
duty cycle of all submodules are similar (d; =dp = ... =dy =

d). The generalization of the proposed nonlinear controller is as
follows:
Let vmpas MDAB be the Lyapunov function associated with
the system (12)
1/~\2 1/.~\2
UMDAB = §<111> +...+ §<11N> .

To obtain a negative derivative for the generalized Lyapunov
function, it is possible to select

R . TRn {(uca;)
I AL

A7)

d(1=21d) = —a; (i;) (8)
with «;; > 0. Therefore

N 2
UMDAB = Z —aj<i1j> <0

Jj=1

19)

and consequently, the M-DAB is asymptotically stable.

D. Formulation of DC PF Problem for Each VSC-HVDC Grid

The dc PF formulation for an Ng-bus HVDC grid initiates
through applying the following equalities:

Pi:Vi-Ii:PGi*PLi; iilZNB. (20)

In (20), P; symbols the total injected power to bus i, Pg; is
the total generated power, and Py is the total absorbed power.

The conductance matrix will relate the net injected currents
to the bus voltages

1 = [G] . [V]. (2))
~~ — =~
Npx1 NpxNp Npxl1
The G elements are specified in the following:
Np
Gii = Z (cij +¢si), Gij = —cijsi,j € {1: Ng}. (22)
j=1

In (22), c¢;; symbolizes the conductance that exists among
bus i and bus j, and c,; symbolizes the conductance that exists
between the ground and bus i.
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Active power can be derived as a function of the system’s
voltages and conductance matrix elements as

Np
Pi=V.) (GijV;)i=1: Np. (23)
j=1

To solve the PF problem, each dc bus should contain one
variable. A dc bus can be a load bus (P-bus) with predetermined
net injected power (P; = P; ;cf) or a voltage bus (V-bus), with
prespecified dc voltage (V; = V ref).

A slack bus in the dc PF problem guarantees the grid’s power
balance. Since the slack bus’s voltage is predetermined, it should
be removed from the PF equations. The Newton—Raphson (NR)
PF algorithm is successfully applied to ac networks [39]; there-
fore, it is employed to address the PF equations.

Slack bus (V-bus) is considered to be the first bus of the MT-
HVDC system. Also, the variables vector is defined as

T
V]l =W Vg | (24
~—
(NB 71) x1
The vector of mismatch power, AP, is also given by
[AP] = [APR, APy, " (25)
——
(Np—-1)x1
where its elements are calculated as follows:
NB
AP, =-Vi | Y GV; | +P;i=2:Ng. (26)
j=1

The update for the state variables, Vo, ..., Vyp at iteration k

is given by
VIF —viP = av) 27)
N—— S~~~ S~——
(NB—1)><1 (NB—l)Xl (NB—l)Xl
-1
avE = (") P (28)
N—— N , SN——
(NBfl)Xl (NB*I)X(NB*l) (NBfl)Xl
that J symbols the Jacobian matrix
7] = [Jijli jma. Ny Jij = =00V (29)
(Np-1)x(Np-1)
Np
—2G;;.Vi — 32 (Gij V)i =]
Jij = J=1 (30)
: Jj#i
—Gij Vi, i # J

E. Embedment of M-DAB DC-DC Converter Into the PF
Equations

PF formulation of the HVDC grids should be modified to
model their interconnection and control activities of the M-DAB
dc—dc converter and form a combined energy management sys-
tem (EMS). The M-DAB dc—dc converter adds a new control
freedom degree to the combined PF problem and consequently
can regulate the current/power exchange between two intercon-
nected HVDC grids.
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In this context, two Np;-bus and Npo-bus HVDC grids are
assumed where the first bus of each HVDC grid is assumed to be
its slack bus. Considering Fig. 3, it is assumed that the M-DAB
dc—dc converter and its connected line interconnect the bus & of
grid A and the bus j of grid B. Variables vector and mismatch
vector of the first and second grid and the interconnected system
are as (31)—(34), where superscripts A and B denote grids 1 and
2, respectively.

V7]
~———
(NBlfl)Xl

V7]

(N13271)><1

_ WQA ]T.

)

A
VNBI

= [V 1"

VE (31)

[VarV]
———
(Np1+Np2—1)x1

=[v4 VB (32)

T
Tim, ]

AP]IGBl ]T

[AP4] = [APs ;
(NBl—l)Xl

APP] =[APF .. APE, ] (33
(NB2_1)><1

[AP’I’LEU)}
——
(NBlJrNBQ*l)Xl

— [aAPA AP AP, T

(34)

In (31)-(34), n,,, and Pj,; symbol M-DAB dc—dc converter’s
transformation ratio and PF between HVDC grids A and B. Also,
VarV and AP"™ represent the combined system’s variable
vector and mismatch vector, respectively. Considering Fig. 3 and
assuming lossless M-DAB dc—dc converter (Py,; = P;;),Py; can
be expressed as follows:

A VkA B
Pyj = Pij = Vil gij P Vi ). (35

m

The line PF (Py;) can be regulated at its reference value
(Py;;) by the M-DAB dc—dc converter by manipulating its control
variable (n,,,). Therefore:

P,;‘j — Pyj = APy;. (36)

APy; and n,, are the new mismatch vector element and
control variable, respectively.

Hence, after some calculations, the linearized PF equations

for the interconnected system can be derived by extending those
of each HVDC grid as follows:

JAmew OAPA/9V2  9APA/on,, 1"
OAPE jgVA  JBaew  9APE /on,,
OAPy;/OVA AP JOVE  OAP,;/Ony,

[JHBW]
N——"

(Np1+Np2-1)x(Np1+Np2-1)
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AVA 1P Tapa 1*
AVE APB (37)
Anm AP]CJ'
—_—— ——
[AVarV] APnew

Elements present in the Jacobian matrix of the combined
system of (37) can be readily calculated by (38)—(46) where
xy subscript denote (x,y) element of the related matrix

[aAPA/GVB} — Vidg v=k—-1y=j-1
| 0 else
(NBlfl)X(NBgfl) zy
(38)
(A 2
[OAPA /on,,] | = {gw %e/nm) z=h-1 (39
~———
(Np1—1)x1 -
[JA,new] _ _i_gij‘/jB
~—— r=k—1,y=k—1
(Np1=1)x(Np1=1)/ 4 (JA)xy else
(40)
29iijA/nm — gijVjB
[pAPP/oVA] | = dir=j Ly =k -1
|
(Np2-1)x(Np1-1)/ 0 else
(41)
(JB);E - giijAx = ] - 17
[JB,new} _ Y y:]_l
(IB).. else
(Np2-1)x(Np2-1) oy Ty
(42)
2
[0APE Jon,,,] | = —gi; (Vi /nm)” w=k—-1
~——— 0 else
(Np2—1)x1 N
(43)
=2gi; Vi [num + 9 VP
[0AP,;/oVA] | = =k 1 (44
—/_/ _
Ix(Np1-1) . 0 z 7é k 1
B Vidg; z=j-1
[8Apkj/5'V ] =40 o1 (45)
—_—
1x(Np2—1) z
2

Equations (37)—(46) form the interconnected system’s Jaco-
bian matrix and its elements, which permit the introduction of the
M-DAB dc—dc converter into the system’s PF problem. Jacobian
matrix elements in each iterate should be calculated using the
variables calculated in the previous iterate. Hence, a value of
VarV can be calculated by iterating (47) until the mismatch
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Fig. 4. CIGRE DCS3 grid and rounded results of PF in case of n,,, = 1 (L1:
300 km, L2: 200 km, L3: 500 km, L4: 400 km, L5: 200 km, Lg: 300 km, L7:
200 km, Lg: 200 km, Lg: 200 km).

vector AP falls below a prespecified threshold

-1
[Varv] "= (m=7%)
———
[ —
(Np1+Npz—1)x1 (NB1+Np2—1)x(Np1+Np2—1)
[AP™]  +  [VarV] " (47)
N—— ——

(Np1+Np2-1)x1  (Np1+Np2—1)x1

Once the values of VarV are calculated, the reference current
for the M-DAB dc—dc converter (7] in Fig. 1) and reference
power and voltage for onshore VSC’s (active power-dc voltage)
droop controllers can be specified to realize the intended PF.

Note that previous studies did not consider static modeling of
two HVDC grids interconnected and interconnected by a PFC.
Instead, they have focused on a single HVDC grid compensated
by a PFC.

IV. STATIC AND DYNAMIC SIMULATION RESULTS

To evaluate the suggested M-DAB dc—dc converter and pro-
posed (local and grid level) controllers, the modified CIGRE
DCS3 MT-HVDC grid test system (see Fig. 4) was taken into
account. In this modified grid, (2x800 MVA) Cb-E1 VSC
is connected to bus Bb-El and buses Bb-C2 and Bb-E2 are
interconnected by HVDC cable LS. Modeling and control of on-
shore grids/VSCs and offshore (aggregated) wind farms/VSCs
are done according to the designs of [2]. In dynamic studies,
onshore VSCs employ active power-dc voltage droop controllers
as P* = Py+(1/R)(V-V,) for dc voltage regulation and active
power sharing purposes. In that equation, P*, Py, V, V,, and R
denote reference and set-point power, measured and set-point
dc voltage, and droop slope, respectively. The M-DAB dc—dc
converter and its connected line (L9) are placed to interconnect
the Bb-1 and Bb-E2 dc buses and control the interconnecting
line’s power. Per-unit parameters of the lines and other elements
are specified in [40] and the M-DAB dc—dc converter parameters
are presented in Table L.

Simulations studies are conducted using MATLAB m-file and
Simulink platforms. Base power is assumed to be 500 MW and
lines” power is calculated at their receiving side; thus, the sum
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TABLE I
M-DAB DC-DC CONVERTER PARAMETERS

M-DAB DC-DC converter Parameters
Ry 0.10Q C; 300 mF
C, 300 mF

TABLE II
PF ASSUMPTIONS

DC bus Bus type DC voltage Net power (pu)
Bb-Al Slack 1.00000 Unknown
Bb-B1 P Unknown -0.50000
Bb-B2 P Unknown -0.40000
Bb-B4 Intermediate Unknown 0.00000
Bb-C2 P Unknown 0.90000
Bb-D1 P Unknown 1.90000
Bb-E1 Slack 1.00000 Unknown
Bb-E2 Intermediate Unknown 0.00000
TABLE III
RESULT OF PF FOR HVDC GRID OF FIG. 4
B, =115pu., P, =13pu.,
DC Bl“se 1,=0.74421 1,=0.74264
bus/line voltage Voltage Power Voltage Power
(pu) (pu) (pw) (pu)
Bb-Al 800 kV 1.00000  -0.24832 1.00000  -0.39760
Bb-B1 800 kV 1.00164  -0.50000 1.00232  -0.50000
Bb-B2 800 kV 0.99801 -0.40000  0.99849  -0.40000
Bb-B4 800 kV 1.00015 0.00000 1.00063 0.00000
Bb-C2 600 kV 1.00621 0.90000 1.00577 0.90000
Bb-D1 600 kV 1.00843 1.90000 1.00826 1.90000
Bb-E1 600 kV 1.00000 1.60225 1.00000 1.45031
Bb-E2 600 kV 1.00003 0.00000 0.99941 0.0000
Bb-E2 to
Bb-B1 - - 1.15001 - 1.29999

of power in dc buses in Fig. 4 might not be zero due to lines’
losses.

A. Modification in the Power Set-Point of the Controlled Line

In the first case study, the power flowing between bus Bb-E2
and bus Bb-Bl1 is changed through the control action of the
M-DAB dc—dc converter. Basic PF assumptions are reported in
Table II and the reference power for the M-DAB’s line (L9 in
Fig.4) wasinitially 1.15 p.u. (i.e., the power is extracted from bus
Bb-E2 and is injected into the bus Bb-B1). The related PF results
are reported in Fig. 4 and Table III. The obtained values were
then utilized to specify the reference control signals for onshore
VSCs as well as the M-DAB dc—dc. Considering the M-DAB
dc—dc, the PF solver provides the desired references current and
bus voltage references and the local control system calculates the
value of the desired control variable d to obtain the prespecified
PF. From Table III, n,, is set to 0.74421 to realize both voltage
matching and PF regulation objectives successfully.

At t = 4s, the controlled line’s power is increased to 1.3
p-.u. A new PF solution is derived to identify the reference
control settings for onshore VSCs as well as the M-DAB dc—dc
converter. The new PF results are also shown in Table III. From
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Table III, n,, is reduced from 0.74421 down to 0.74264 to
increase voltage differences across the M-DAB’s line and hence
inject more power from Bb-E2 into bus Bb-B1. Meanwhile, all
PF assumptions for slack and P-buses are successfully enforced.
The increase of power exchanged between two HVDC grids has
also changed the power exchanged by slack buses to exert power
balance and consider losses of the HVDC grids.

The powers flowing from the onshore ac converter stations and
M-DAB?’s line power are shown in Figs. 5 and 6, respectively.
Due to the M-DAB dc—dc converter’s control action and proper
reference control settings, the power through the controlled line
is successfully changed to 1.3 p.u. after t = 4 s. Also, from
the Fig. 7(a), the nonlinear controller successfully tracks the
current reference by determining the proper phase shift for the
SPS modulation scheme of the M-DAB converter, Fig. 7(b).

B. Grid Disturbances

The second simulation scenario focuses on grid disturbance
[41]. To emulate the disturbance, the generated wind power of
the Bb-D1 bus is decreased down to 1 p.u. from 1.9 p.u. at 7 =5s.
After the disturbance, the droop characteristics implemented at
the primary level controls of onshore VSCs and also M-DAB
dc—dc converter contribute to the dc voltage regulation and
readjustment of the HVDC grid’s PFs. This is obvious from
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the powers flowing from the onshore ac converter stations and
the controlled HVDC line, which are shown in Figs. 8 and 9.

Afterward, at r = 7 s a new PF is executed; droop voltage
references are calculated for onshore VSCs; and current refer-
ence and droop voltage references for the M-DAB dc—dc. It is to
restore the compensated line’s power to the prespecified value
of 1.15 p.u. and the related dynamics are shown in Figs. 8 and 9.
Observed dc voltages’ profiles are within the permissible limits
even during the transient periods; however, they are not shown
due to the page limitations.

V. EXPERIMENTAL VALIDATION

In this section, the performance of the M-DAB is validated
based on a developed scaled-down prototype. The laboratory

Fig. 10. Developed laboratory setup of M-DAB dc—dc converter.
TABLE IV
PARAMETERS AND DESCRIPTIONS OF THE PROTOTYPE

Symbol Description Nominal Values
M-DAB Modular-DAB 0.5kW, 100 V
VSC, Voltage Source Converter 0.5 kW, 100 V
VSC, Voltage Source Converter 0.5 kW, 100 V
Line Wire and series impedance 0.1 Q, 100 mH
Vac Voltage of the AC grids 989V

setup is depicted in Fig. 10 and its basic data is presented in
Table IV. HGTP10N50C1 IGBT, toroid core (with cross-section
of 2 cm? and length of 5 cm), C280 diodes, IR series gate drivers,
and optoisolators is utilized to fabricate the DAB modules.
The proposed nonlinear controller is implemented on the two-
module M-DAB. The experimental setup comprises two-module
M-DAB, two 3ph VSCs and a single dc line. AC sources were
380 V and 10 A single-phase autotransformers and controlled
full bridge inverters were used to realize two three-channel
VSCs. Two VSCs emulate two buses with different voltage
values and the two-module M-DAB and the dc line intercon-
nect those two buses and regulate the power exchange between
them. OWON DS 5032E oscilloscope is utilized to record the
signals.
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Fig. 11.  Experimental results under step power increase of the M-DAB dc—dc
converter: (a) PF profile, (b) dc bus voltage of the rectifying VSC, and (c) dc
bus voltage of the inverting VSC.

A. Modification of PF

Over the first examination, the set-point of the PF in the tested
line is changed from 110 to 130 W. The PF profile on the line is
depicted in Fig. 11(a). Bus voltages are also shown in Fig. 11(b)
and (¢). From, Fig. 11(a), the M-DAB and its proposed controller
can regulate the flowing power of the dc line and extract a
prespecified amount of power from one dc bus and inject it
into another dc bus. From Fig. 11(b) and (c), bus voltages are
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Fig. 12.  Experimental results under grid disturbance and M-DAB operation:
(a) PF profile and (b) dc bus voltage of the rectifying VSC.

held constant, though they experience some transients, due to
the action of VSCs in exerting fixed voltage values. Thus, the
successful operation of the M-DAB dc—dc in interconnecting
two buses with different voltages and regulation of PF exchange
between them is proved.

B. PF Control in Grid Disturbance

For the second experiment, the condition of step power de-
crease of the rectifying VSC is emulated. For this emulation, the
level of its dc voltage [see Fig. 12(b)] is stepped from 100 V down
to 90 V while the dc voltage level of the inverting VSC is held
constant. This is in line with the characteristics of the HVDC
grids where the PF between lines depends on their differential
voltages and resistances. So, for a dc bus (like a wind farm) to
inject lower power into the HVDC grid, its dc voltage magnitude
should be decreased.

Due to the disturbance condition and emulated virtual resis-
tance, the power flowing from the M-DAB and its connected
dc line [see Fig. 12(a)] is decreased from 82 to 72 W. After
recalculation of the PF and updating the control references for
the M-DAB dc—dc converter (voltage references for the emulated
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virtual resistance and also the main term of current reference),
the power flowing from the M-DAB and its connected dc line
[see Fig. 12(a)] is decreased back to the 82 W. Therefore,
successful operation of the M-DAB dc—dc converter under grid
disturbances is shown.

VI. FUTURE WORK

It is expected to prevent the propagation of the dc fault be-
tween HVDC grids. M-DAB dc—dc converters can easily prevent
dc fault propagation. This is done by monitoring the level of
flowing currents and dc voltages, fast identification of the dc fault
inception, and removing the gate signals of the power electronic
switches for the involved DAB units. A comprehensive dc fault
analysis of the suggested M-DAB converter, its impacts on dc
fault protection (e.g., dc fault identification, isolation, coordi-
nated operation of dc breakers and M-DAB, soft energization
of the VSCs, M-DAB, and HVDC lines in post-dc fault) will
be addressed in future research. Also, (large-signal) stability
analysis of HVDC grids interconnected by a dc transformer
using energy functions is an exciting research topic. In that
research, nonlinear dynamics of ac/dc MMCs and associated
complex controllers, dc overhead lines and cables, PFC and
related controllers, and the interconnecting dc—dc converters
should be considered.

VII. CONCLUSION

In this research work, a suitable M-DAB converter-based
dc—dc converter was suggested for HVDC grids that can act as a
flexible dc transformer and PF regulator. Suitable dynamic av-
eraged models were proposed for the M-DAB converter. Based
on the proposed dynamic models, the stability of the M-DAB
converter was analyzed using Lyapunov theory and a local
controller was proposed to ensure asymptotical stability for the
converter. To integrate the proposed M-DAB dc—dc converter to
the EMS of the MT-HVDC network, the required modifications
in the dc PF algorithm were implemented.

Static analysis showed that the proposed PF integration
method can successfully calculate variables and control ref-
erences of both the HVDC grid and M-DAB dc—dc converter
while interconnecting two distinct HVDC grids with different
nominal voltages and regulating the exchanged PF between
them. Dynamic simulations showed the successful performance
of the M-DAB in HVDC grids interconnection and regulation of
the PF between them and confirmed the satisfactory dynamics
of the M-DAB dc—dc converter while adopting the proposed
nonlinear controller. Changes in reference power of the regulated
HVDC lines and the generated power of an offshore wind farm
were considered case studies. Also, the results of experimental
studies cross-verify the accuracy and effectiveness of the pro-
posed nonlinear controller, EMS, and overall analysis.
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