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Analysis and Design of a Nonisolated DC
Transformer With Fault Current Limiting Capability

Yanan Ye
Yue Wang

Abstract—The dc—dc converter, also termed as dc transformer,
plays an important role in the future dc grids. It is used to in-
terconnect network segments or lines with different voltage levels.
A nonisolated modular multilevel dc—dc converter is presented in
this article, which can realize bidirectional power regulation and
dc fault current limiting. The control strategy is simplified and the
current stresses are decreased due to the employment of autotrans-
formers. The nonisolated structure can reduce the requirements
of autotransformers, because only part of the transmitted power
flowing though the autotransformers. The operation principle and
control strategy of this converter are illustrated in detail. The
analyzes of power transmission, submodule (SM) capacitor volt-
age ripple, the optimal configuration, and the efficiency of this
converter are also provided. The optimal design methods of the
dc transformer are proposed to reduce the costs and power losses
according to the analysis results. Simulations performed in power
systems computer aided design/electromagnetic transients includ-
ing DC (PSCAD/EMTDC) and experiments based on a down-scaled
prototype verify the operation principle, control strategy, and the-
oretical analysis. The simulation results and experiment results
show the performances of the converter under steady state, power
regulation, and fault conditions.

Index Terms—DC-DC converter, dc grids, down-scaled
prototype, fault current limiting capability, PSCAD/EMTDC,
power transmission.

I. INTRODUCTION

HE dc transmission system is gaining more attraction

for large-scale renewable energy integration due to the
advantages of larger capacity, longer transmission distance, and
higher efficiency comparing to the ac transmission system [1],
[2]. However, even though lots of HVdc point-to-point systems
have been put into practical application all around the world [3],
so far no dc grid with different voltage levels has been seen.
Therefore, the dc—dc converters are essential in the future dc
grids. They are required to interconnect the network segments
or lines with different voltage levels [4]-[6]. Besides, other
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abilities for dc transformers, such as bidirectional power flow
regulation and fault current limiting are also indispensable. In
particular, when fault happens, the fault current may cause severe
damages to the dc transformer and other equipment in the dc grid.
Therefore, realizing fault current limiting for the dc transformers
is essential.

In the past decades, the dc transformers have gained signif-
icant research attentions [7]-[11]. The developments of mod-
ular dc transformers for the medium-voltage (MV) or high-
voltage (HV) dc applications have been revealed in this article.
Normally, the dc—dc converters are classified into the isolated
dc transformers and nonisolated dc transformers according to
whether there is galvanic isolation between input and output dc
sides [12]. The isolated structures offer inherent dc fault block-
ing capability and convenient dc interconnection. However, the
isolated dc transformers have the disadvantages of higher costs,
lower efficiency comparing to the nonisolated dc transformers.

The dual-active bridge (DAB) converter and the front-to-
front (FTF) converter are two typical isolated dc transformers
topologies. The input-series output-parallel dual-active bridge
(ISOP-DAB) converter composed of numerous single DAB units
is a popular option for the HVdc and MVdc applications [13].
The ISOP-DAB converter has the advantages of high efficiency
and an excellent dynamic performance due to the zero-voltage
switching and high operation frequency. However, such topol-
ogy requires a huge number of isolated transformers, which
significantly increases the costs and volume [14], [15]. To reduce
the number of isolated transformers, series connected switches
are used in each DAB units. However, this may lead to the issue
of unequal voltage stresses across semiconductor devices.

Modular multilevel converters (MMCs) have the flexible and
scalable architecture, which are popular solutions to achieve
dc—ac conversion in the HVdc and MVdc system [16], [17].
The basic unit of MMC is usually half-bridge submodule (SM)
(HBSM) or full-bridge SM (FBSM). Hence, the FTF dc—dc
converter, which consists of two MMCs is another feasible
option for realizing voltage conversion in dc grids [7], [18], [19].
The isolated configuration can achieve large voltage conversion
ratio, galvanic isolation, and fault current limiting. Nevertheless,
due to the large number of semiconductor devices, the FTF dc—dc
converter has the disadvantages of high investment costs, high
losses, and low power density.

There are also some topologies, which combine the MMC and
the DAB torealize high voltage (HV) conversion ratio [20]-[23].
Parida and Das [24] proposed a new topology, which comprises a
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Fig. 1. Topology of the dc—dc converter.

voltage source MMC and a current source MMC to interconnect
two different types of HVdc networks.

The HVdc autotransformer (HVdc-AT) is one of the typical
nonisolated dc transformer topologies [25], [26]. It can consider-
ably reduce the costs and losses due to the nonisolated structure.
However, the HVdc-AT still requires an isolated transformer,
which is difficult to design and takes a large volume. Some
topologies employ series connected SMs instead of transformers
to realize the energy balance of the stacks [27], [28]. However,
it will increase the costs and power losses because the number
of SMs increases. To solve this problem, the topologies utilizing
capacitive filters are proposed [29], [30].

The modular multilevel DC converter (M2DC) is another
typical nonisolated dc transformer topology, which does not
require isolated transformers [31]-[35]. However, the current
stresses will be increased without transformers, especially when
the voltage conversion ratio increases. Besides, it utilizes the ac
component to maintain the power balance of stacks. Therefore,
the M2DC requires output filters to prevent ac currents from
entering to the dc network. Some other topologies replace the
filters with series-cascaded SMs [36]—[40]. However, the costs
and the power losses of these topologies will be huge if the
number of SMs increases.

In order to reduce costs and losses as much as possible,
the hybrid-cascaded dc—dc converter and some other similar
topologies, which do not require isolated transformer or output
filters have been proposed in [41]-[46]. These topologies
utilize the SM capacitors to store and transfer the energy
and can significantly reduce the number of SMs. However, a
large number of insulated gate bipolar transistors (IGBTs) or
other switching devices are required to be connected to the dc
terminals, especially when the voltage conversion ratio is high.
Moreover, too many series-connected switches may lead to the
issue of unequal voltage stresses.

In future dc grids, multiport dc—dc converters are necessary.
Hence, based on the topologies of the dc transformers with
two terminals, some topologies of multiport dc transformers are
proposed [47]-[49].

This article presents a nonisolated modular multilevel dc—dc
converter for MVdc or HVdc applications. It has the advantages
of low costs, low losses, and small size due to the nonisolated
architecture. It can realize bidirectional power regulation and
fault current limiting. The analyzes of the power transmission,
the SM capacitor voltage ripple, the optimal configuration, and
the efficiency of the converter are performed. The design of the
converter is optimized according to the theoretical analysis. The
operation principle, control strategy, and theoretical analysis are
validated via the simulation and experiment.

The rest of this article is organized as follows. The topology,
operation principle, and control strategy of the dc transformer
are described in Section II. The analysis and design methods are
illustrated in Section III. The simulation results and experiment
results are presented in Sections IV and V, respectively. Finally,
Section VI concludes this article.

II. TOPOLOGY, OPERATION PRINCIPLE, AND
CONTROL STRATEGY

A. Topology

The circuit diagram of the dc—dc converter with two-string
architecture is shown in Fig. 1. This converter consists of two
strings, which are basically symmetrical to prevent the ac cur-
rents from entering the dc sides. Each string consists of an
autotransformer 7T, (77,) with the turns ratio of 7, two arm
inductors L, and L,s (Lg3 and Ly4), and two stacks consisting
of series-cascaded SMs. The voltages of the low voltage (LV)
side and HV side are represented by V7, and Vg (VL < Vi),
respectively. The voltage conversion ratio of the converter is
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Fig. 2. Current flowing paths and power flowing paths of the converter.
(a) Current flowing paths. (b) Power flowing paths.

defined as v = Viz /Vy,. The terminal currents are represented
by I;, and Iy. The line inductors are represented by Lg; and
Lo, respectively. Furthermore, it can also be extended to the
three-string architecture and bipolar system for the specific
conditions. The autotransformers are mainly employed to sim-
plify the control strategy by keeping the modulation indexes of
all stacks the same. They can also reduce the current stresses
comparing to the topology without autotransformers when the
transmitted power is the same. The two autotransformers are
coupled in reverse coupling mode to avoid the influence of
the dc bias, because there are dc current components flowing
through the autotransformers. The turns ratio vz of the auto-
transformer is determined by the voltage conversion ratio y of
the de—dc converter, y7 = 1/( — 1). The values of arm in-
ductance and leakage inductance of autotransformer determine
the maximum power of the dc transformer. The stacks consist
of series-cascaded SMs for realizing the voltage conversion and
fault current limiting. The positive stack contains A/ FBSMs and
N HBSMs, while the negative stack is composed of N HBSMs.
The positive stack can also provide fault limiting capability,
because it can insert reverse voltage to inhibit fault currents
when a dc fault happens on either the input or output dc side.

B. Operation Principle

There are two general assumptions enforced in this section
and following analysis: 1) all the semiconductor switches and
passive elements are ideal and 2) the ac voltage components
generated by stacks are ideal sinusoidal.

To explain the operation principle, the current flowing paths
and power flowing paths of the dc—dc converter are presented in
Fig. 2. The paths of dc current components are indicated by solid
arrows, while the paths of circulating ac current components
are indicated by dotted arrows. The ac current components of
the stacks are used to maintain the stability and balance of SM
capacitor voltages and they are represented by the ¢), ,c and ¢, qc.
Each stack is equivalent to a dc voltage source and an ac voltage
source.

The input power (P;,) of the dc—dc converter is divided into
two parts under normal operation. One part of the power flows
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from the LV side to the HV side directly, which is represented
by P,;. The dc power P, is determined by the input power
and voltage conversion ratio (P; = Py, /7). Another part of the
power flows from the LV side to the negative stack, which is
represented by P, 4.. This power is converted to ac power P, via
the negative stack and transferred to the positive stack. Finally,
the ac power is converted into dc power P, 4. and transferred to
the HV side. The transmission of ac power P, is achieved via
the ac current components. The values of the ac power and the ac
current components are determined by the phase shift between
the ac voltage components of the positive and negative stacks.

When the phase shift between ac voltage components of the
positive and negative stacks is greater than 180°, the ac active
power is transferred from the negative stacks to the positive
stacks via the generated ac currents. To balance the energy of
stacks, the negative stacks absorb the dc power and release the
ac power. The positive stacks absorb the ac power and release
the dc power. The values of dc current components of positive
stacks are greater than 0. Therefore, the output current is greater
than 0, which means that the power is transferred from the LV
side to the HV side. Similarly, when the phase shift between ac
voltage components of the positive and negative stacks is less
than 180°, the ac active power is transferred from the positive
stacks to the negative stacks via the generated ac currents. The
positive stacks absorb the dc power and release the ac power. The
negative stacks absorb the ac power and release the dc power.
The values of dc current components of positive stacks are less
than 0. Therefore, the output current is less than 0, which means
that the power is transferred from the HV side to the LV side.

An important characteristic of the topology is the inherent
symmetry, which is essential to prevent the ac currents from
entering the dc sides. Since the ac current components only
circulate inside the converter, the fundamental frequency of
the ac voltage components of the stacks does not have to be
50/60 Hz, which is applied in MMC widely. As the ac frequency
increases, the size of passive components, such as capacitors,
inductors, and autotransformers, can be reduced. However, the
higher ac operating frequency also means the higher switching
frequency of the semiconductor devices, which increases the
power losses. In the specific applications, the selection of ac
operating frequency depends on the tradeoff between power
losses and device requirements including SM capacitor voltage
fluctuation and size of dc transformer.

C. Control Strategy

The control diagram of the dc—dc converter is presented in
Fig. 3. Define the output current Iz as the current flowing into
the HV side and the power P as the power transferred from LV
side to HV side. Then, the output current and power are obtained
as

ey
2

Fig. 3(a) shows the control method of power regulation.
The power is regulated by adjusting the phase shift between
the ac voltage components of the positive stack and negative

Iy =21, 4
P =Vyly = —2VyI, 4.
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Fig. 3. Control diagram of the dc—dc converter. (a) Power regulation control
strategy. (b) IGBT driving signal modulation.

stack, which is determined by At. When At > 0, the power is
transferred from the LV side to HV side, and the opposite is also
true. Besides, as the absolute value of At increases, the value of
transmitted power also increases. When a dc fault happens on
the dc side, the block signal Blk is used to realize fault current
limiting by setting At to zero and blocking all the switches.

The modulation strategy is shown in Fig. 3(b). The reference
voltage v,.¢ determines the waveform of ac voltage component
of stacks, and it can be set to sine-waveform, square-waveform,
or quasi-square-waveform, etc. The period and amplitude of the
fundamental ac voltage components are 7" and 1, respectively.
The modulation index of all the stacks is the same and repre-
sented by m. The At is used to adjust the phase shift of the
ac voltage components of stacks. The nearest level modulation
method is applied to ensure voltage balance of SM capacitors.
It is popular when the stack consists of a large number of
SMs because it has better reliability than other modulation
methods [50].

III. THEORETICAL ANALYSIS
A. Power Transmission

The simplified circuit of the dc—dc converter with one string
is shown as Fig. 4(a). The stack voltages and arm currents can
be decomposed into dc components and ac components, which
are expressed as

Up,n(t) — ‘/;)_dc,n_dc + \/ivp_ac,n_ac Sin(Wt + SDp,n) (3)
ipm(t) = 1p de,n_de T \/ilpfac,nfac Sin(Wt + 9) “4)

In this section, the theoretical analysis results are obtained
based on that v, is a sine wave. Ignoring the small high-order
harmonics components, the stack voltages are composed of
dc components and fundamental components. The dc voltages
components of stacks are used to withstand the voltages of dc
sources. Hence, the V;,_gc and V), 4. are equal to the V7 and
Vi — Vi, respectively. Therefore, the voltages of the negative
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Fig. 4. Derivation of equivalent circuit. (a) Circuit of String A. (b) Simplified
circuit of String A. (c) Equivalent circuit of String A.

stack and positive stack in String A are obtained as

Un () = Vi + mVp, sin(wt). 5)

%@:“%_WHWM%_w“mPG_N_gﬂ'
©)

Equation (6) can be simplified as

vp(t) = (v — 1)V, —m(y — 1)Vy sin(wt — ) 7

where w = 2% =2nf, ¢ = wAt.

Thus, the circuit can be simplified to Fig. 4(b). The ac voltages
(vae1 and v,¢2) can be obtained as

Vae1 (t) = Up_ac(t) = mVp, sinwt 8)
Vae2 (1) = — vp ac(t) = m(y — 1)V sin(wt — ¢).  (9)

Utilizing the equivalent circuit of transformer, the circuit
is equivalent to the circuit as Fig. 4(c), and the total equiva-
lent inductance is Ly, which contains the equivalent leakage
inductance L, oq of the autotransformer. Due to v/yco(t) =
YT - Uac2 (), the ac current component of negative stack can be
calculated as

1 t
Z.7Lac(t) = _K o ['Uacl (t) - U/ac2 (t)]dt (10)
. . Qin(8) .« _ ¥
() = _m %3 smSTQf)L sin (wt 2) (11

where Ly = Lo + Y2 Lo + Ly_eq.
Therefore, v, = 0, ¢, = —(7 4+ @), and § = — (7 + Z).
Due to the exist of autotransformers, the relationship between
the voltages and currents of the positive stack and negative stack
is presented as

12)
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Hence, the ac current component of positive stack is easily
obtained as
) yr-m -V -sin($) - sin (wt — £)
ip ac(t) = — .
e 7 f Liot
Due to the energy balance of the stacks, the average power
absorbed by the stack is zero. Therefore, it can be obtained as

13)

1 T

P, = 7/ on(t) - in(t)dt = 0 (14)
T 0
1 T

P, = 7/ oy (t) - i (£)dt = 0. (15)
T Jo

Submitting (3) and (4) to (14) and (15), the relationships
between dc current components and ac current components can
be derived as

Vi deln ge = —=mVi, gelp ac 08 % (16)

2

2
Vi dedp ac = ——mV), aclp ac COS g . (17)

2

Hence, the dc current components of negative arm and positive
arm are obtained as

2
Lo ge = —gmln_ac cos & (18)
)
Ip,dc = Tmlp*ac Ccos % (19)

Submitting (11) and (13) to (18) and (19), respectively, the
dc current components of negative stack and positive stack are
calculated as

m? -V -singp

A f Lot 20

In_dc =
yrm? -V, -sing
A7 f Liot

Submitting (21) into (1) and (2), the output current and power
can be obtained as

Iy ge = — 2

WTm2 -V -sing

27 f Lot @2)

Ig = —2I, 4 =

(yr +1)m? - V2 -sinep
27 f Liot .

When ¢ = 7, the transmitted power is maximum and the
value is

P=Vylyg =

(23)

(yr +1)m* - Vi
27 f Lyot

The current stresses of stacks can be calculated according to

(18) and (19). When the power is maximum, the current stresses

of the positive stacks and negative stacks are maximum, which
can be calculated as

\/EI p_ac

I p_dc

Pmax = VHIH_max = (24)

\/EI n_ac __ 2

I gc mcos &’

(25)

It can be seen that the current stresses of the positive stacks
and negative stacks are the same due to the same modulation
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indexes. Besides, increasing the modulation index can reduce
the current stresses. The current stresses will also be increased as
the phase shift increases. Hence, the phase shift should be small
when the dc transformer operates at rated power to reduce the
current stresses. In this article, phase shift is designed to be 0.3
at rated power condition and 0.5 at maximum power condition.

Furthermore, if the topology employs inductors instead of the
autotransformers, one of the modulation indexes of the positive
stacks and negative stacks will decrease. The current stresses will
increase when the power is same. Therefore, the employment of
the autotransformers can reduce the device current stresses at
the same power.

B. SM Capacitor Voltage Ripple

It is significant for the converter to ensure the SM capacitor
voltages balance and stable. Therefore, the selection of the
SM capacitance is important to satisfy the requirement of SM
capacitor voltage ripple. The fluctuation of capacitor voltage
is usually limited within 10%, which is widely accepted for
MMC [51]. The SM capacitor voltages in the stacks should
be balanced well in normal operation. The ripple of single
capacitor voltage is represented by vc ip(t). The capacitance is
C and the dc component of single SM capacitor voltage is V.
The equivalent amount of capacitors used to balance voltage
in this stack is N¢, which is related to the control strategy.
Therefore, the stack energy stored in the SM capacitors is
presented as

1 1
est(t) = 5CONe[Veo + veip(t))* = SCNeVE

1
+ CNcVC’UCJiP(t) + §CNCU%’7rip(t)- 26)
Ignoring the quadratic term of the fluctuation value, which is
too small comparing to others, the capacitor voltage ripple can
be obtained as

€ST _ac (t)

= . 27
CNcVe @7)

ve rip(t)
At the same time, the ac energy components of stacks can be
calculated by the stack power exchange

t
estp ac(t) = /0 vp(t) - ip(t)dt (28)

t
esTn_ac(t) = / v (t) - in (t)dt. (29)
0
The voltages and currents of stacks have been obtained in
the previous section. Therefore, the ac components of the total
energy stored in the stacks are obtained as

m2V 32
estp_ac(t) = WJCQLLM SA(1) (30)
m2V2
-

where
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4 —m? —4cosp+m?cos2p .
= s

At t
(t) -~ inw
2sin2¢p — 4si
o AR T PP coswt + (sin 2¢
m

— sin ) sin 2wt 4 (cos ¢ — cos 2¢p) - cos 2wt

4—4 2m? — 4
B(t):ﬂﬂinmﬂr m sin ¢ - cos wt

m
—sin ¢ - sin 2wt — (1 — cos p) - cos 2wt.

Substituting (30) and (31) into (27), respectively, then the ac
components of SM capacitor voltages can be calculated as

Ve ip(t) = mVy Ay (32)
P T 16C Ny Vor? f2 Lo
m2V?
() = L -B(t 33
(%e} 7r1p( ) 160NCnVC7T2f2Lmt ( ) (33)

where N¢yp, = K + M and Ny, = N.
The fluctuation of SM capacitor voltage is calculated as

_ UCp,n_max — UCp,n_min
$pn = .

Vo (34)

C. Fault Limiting Capability

Due to the low impedance in the dc system, the current will
increase quickly when a dc fault occurs, which may cause great
damages to the cables and equipment in the dc system. Hence,
fault current limiting capability is an important characteristic
for the dc—dc converters applied in dc grids. This topology can
realize fault current limiting when a dc fault happens on the
either dc side. As shown in Fig. 5, there are two fault conditions
considered in this article, which may cause the great damages.
The pole-to-pole fault happens on the HV side (Vg =0 V)
and the pole-to-pole fault happens on the LV side (Vz, = 0 V).
No matter which dc side the fault occurs, the positive stacks
need to provide reverse voltage to withstand the voltage of
the other dc side. Therefore, series-cascaded FBSMs, which
can provide reverse voltage are required to be inserted into
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the positive stacks. The negative stacks are only composed of
HBSMs because the negative stacks have slight effect on the
fault current limiting when the fault happens on either dc side.

The quantities of the two types of SMs in different stacks
are required to realize both voltage conversion and fault current
limiting. First of all, the stacks should be able to generate the
required ac voltages with the dc offsets for voltage conversion.
Hence, the first requirements for number of the SMs are obtained
as

N-ch(l—l—m)-VL
(M+K) Vo> (1+m) - (Vg —Vz)

(35)
(36)

where IV, M, and K are the number of HBSMs in the negative
stacks, the numbers of FBSMs, and HBSMs in the positive
stacks, respectively.

Second, the amounts of the FBSMs and HBSMs in the positive
stacks are required to ensure that the converter realizes fault
current limiting. When a dc fault occurs in the LV side, as
shown in Fig. 5(a), the voltage of each positive stack should
be larger than Vi to suppress the fault current. Therefore, the
output voltages of HBSMs and FBSMs in the positive stacks
are all V- and the total voltage is larger than V7. As shown in
Fig. 5(b), when a dc fault occurs in the HV side, the voltage
of each the positive stack should be less than —V7, to suppress
the fault current. However, the HBSMs cannot withstand reverse
voltage and the output voltages of HBSMs are either Vo or 0 V.
Therefore, the output voltages of FBSMs in the positive stacks
are all Vo and the output voltages of HBSMs in the stacks
are all 0 V. According to the abovementioned constraints, the
requirements of the SMs number can be obtained as

(M +K)-V.> Vg
~M-V.< V7.

(37
(38)

In order to reduce the costs and improve efficiency, the number
of semiconductor devices should be as fewer as possible, which
means that the number of FBSMs (M) should be minimum.
Hence, the optimal configuration principles of the strings are
obtained as

2V,

N = 39
V. (39)
Vi,

M=-—= 40
v (40)

(y+my—m-—-2)Vy, (y—1Vg

K= . 41

max{ 7 , . 41

The rated capacitor voltage V¢ is selected according to the
normal withstand voltage of semiconductor devices, which is
constant. Once V¢ is determined, M and N are selected de-
pending on V7, only, while K is also affected by the voltage
conversion ratio of the converter ~y. If the terminal voltages
are fixed, the optimal configuration of the dc transformer is
determined. Besides, with the increase of voltage conversion
ratio vy, the percentage of the required FBSMs decreases.
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D. Converter Efficiency

The power losses are mainly composed of the losses of
semiconductors and the losses of autotransformers. The losses
of semiconductors including conduction losses and switching
losses, which can be calculated according to the approach pro-
posed in [8] and [52]. The amplitudes of dc voltage component
and ac voltage component of the stack are represented by Vg
and V., respectively. The instantaneous value of arm current
is represented by the 7a.m. The total number of the SMs in the
arm is represented by n. The average conduction losses of each
HBSM in the arm are calculated as

1 27 ) .
PC’,Tl - % 0 - VCE(ZArm,n) : 7/Arm,nd(‘ﬂ)t (42)
0
1 27
Pc.p1 = o 0 - Vi(iam,p) - tam, pdwt (43)
0
1 27
Pcro = or (1 —=90) - Ver(iam,p) - iampdwt  (44)
0
1 27
PC,D2 = % (]- - 5) : VF(iArm,n) : Z.Arm.,nth (45)
0
Pc = Pcr1+ Pe,p1 + Per2 + Po,p2 (46)
where
_ Vdc . o 2‘/;10
§= Ve (1 +msin(wt)), m =T 47)
. _ iAm ) Z.Arm >0
LAm,p = { 0 ’ iamm < 0 (48)
- _ 0 ) iArm Z 0
1AMm,n = {Z'Arm , iArm <0. (49)

The rated capacitor voltages are represented by Vi and the
frequency of ac voltage component is represented by f,.. The
scalar quantity Ky is set as 1.5 to realize the capacitor voltages
balance. The average switching losses of each HBSM in the arm
can be calculated as

Lormn de - V&
Psw. 1 = fsw(Eron + EToff)%cvvc (50)
ref * Vref
Iarmp dc * VC
P = fowbFpp———— 51
sw,D1 = fowEDrr T Vs (€29)
I - Vi
Psw.r2 = fuw(Bron + Bron) 7= (52)
ref ° Vref
Iarmn dc * VC
P = fawbpnr———m—— 53
sw,D2 = fswED Tt Vs (53)
Psw = Psw.r1 + Psw,p1 + Pswr2 + Psw.p2  (54)
where
2V,
fsw = szfaciac- (55)
nVe

Therefore, the total losses of one HBSM in the arm can be
calculated as

P yg = Pc + Psw. (56)
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Although the output voltage of FBSM could be 0 V, V¢ or
—Ve, the output voltage of the FBSM is either 0 V or V¢ in
normal operation, which is the same as the HBSM. It means that
the switch states of S; and S5 in FBSMs are the same as those
in HBSMs. The switch Sy is on and switch S is off all the time.
Therefore, comparing to the losses of each HBSM in the arm,
the increased losses of each FBSM are the conduction losses of
the Sy and Dy

1 2 ) .
PC’,T4 = %\/ VCE(ZArm,n) . 7/Arm,nth (57)
0

1 27 ) )
PC’,D4 = 5= VF (ZArm,n) : ZArm,det (58)
271' 0
Py v = Pora + Popa + P us. (59)

The total losses of semiconductor in the presented converter
can be calculated as

Psm=2(K-Pugp+M-Ppsgp+N-Pusn) (60)

where P up_p, P)_rB_p, and Pj_pp_, represent the total semi-
conductor losses of the HBSMs in one positive stack, the total
semiconductor losses of the FBSMs in the positive stack and the
total semiconductor losses of the HBSMs in one negative stack.

The power losses from the autotransformer are mainly com-
posed of the core losses and copper losses. The total power
losses from one autotransformer increase with the transferred
power and can be estimated to be 0.5% of the rated apparent
power [8]. Hence, the total losses from each autotransformer is
approximated as

Pr =0.5% - Sa (61)

where Sy is the rated apparent power of each autotransformer.

The voltage of the LV side is 500 kV and the rated SM
capacitor voltage is 2 kV in the calculation. The ac operating
frequency is 200 Hz and the IGBT (CM1200HC-90R) is selected
as the semiconductor for the calculation in this article. The
amounts of SMs are selected according to the analysis results
in Section III-C. Then, the efficiencies of the dc transformer
under different power and different voltage conversion ratios
are calculated and shown in Fig. 6.

E. Comparison

The comparison of the FTF, HVdc-AT, M2DC, and the dc
transformer in this article based on costs, efficiency, and current
stresses is completed [7], [25], [36]. The parameters and func-
tions of converters for comparison are all the same. The voltage
of the LV side is 500 kV, the voltage of the HV side is 750 kV,
and the rated power is 1000 MW. All the topologies insert some
FBSMs to achieve fault current limiting except FTF, which can
achieve that inherently. The comparison results are shown in
Table I.

First, it can be seen that the FTF requires more semiconductor
devices than the other topologies due to the isolated structure,
even though it does not require any FBSM to realize fault
current limiting. Hence, the investment costs of the FTF is higher
than that of the other dc transformers and the costs of other
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100.0 ‘ TABLE IT
H —=—y=15 SIMULATION PARAMETERS
99.8 i ——y=2 ]
99.6 ——— —A—y=2.5 | Symbol Description Value
L —v—y=3
994 ] = VL Low voltage 500 kV
L '\n\" Vi High voltage 800 kV
o 992 Prate Rated power 1000 MW
°\§ F ’\»-\“ K Number of HBSMs in positive stack 150
g 990 M Number of FBSMs in positive stack 250
5 98.8 r e —— N Number of HBSMs in negative stack 500
= el Y m Modulation index of Stack 1
0 08.6 v f AC frequency 200 Hz
1 La1,La2,La3, Laa Arm inductor 50 mH
98.4 C SM capacitance 8 mF
L Lgs1,Ls2 Line inductance 50 mH
98.2 yr: 1 turns ratio of Autotransformer 5:3
F Lt Autotransformer leakage reactance 4 mH
98.0 — . . . . . . . . .
-1250 -1000 -750 -500 -250 0 250 500 750 1000 1250
Power Transmission(MW) eight arms while the topology in this article employs four
arms. This causes that the control strategy of HVdc-AT is more
Fig. 6.  Efficiencies of the dc transformer under different power and different complex than that of the topology in this article.

voltage conversion ratios.

TABLE 1
COMPARISON OF THE DIFFERENT DC TRANSFORMERS

. . HVdc-AT M2DC Topology
fiems FTE in (7] in [25] in [36]  in Fig. |
Number of
IGBTs 4500 4000 4000 4000
Efficiency 98.03% 99.27% 99.32% 99.27%
Current stresses 2.02 2.02 2.02 2.02
of positive stacks
Current stresses 2.02 2.02 4.04 2.02
of negative stacks
14 in positive _ -~ -~ -~
stacks (KA) 2/3 2/3 2/3 2/3
140 in negative
stacks (kA) 1 1/3 1/3 1/3
Magnetics Isolated Isolated Large Autotrans-
devices transformer  transformer  inductors formers

three topologies are basically the same. Second, the efficiency
of FTF is much lower than the other topologies because it
requires the larger number of semiconductor devices and the
apparent power of the transformer is greater than that of the
other three topologies. The efficiencies of other three topologies
are basically the same. Third, with the modulation index m = 1,
the current stresses are all about 2, except the current stresses of
negative stack in M2DC is much larger than that in the other three
topologies because it does not employ the transformer. However,
the dc current of the primary stack in the FTF is much larger
than in other topologies due to the isolated structure. Finally,
the power transferred by transformer in the FTF is equal to the
power of the converter. Whereas only part of the power of the
converter is transmitted through the transformers in HVdc-AT
and the topology in this article.

In summary, the FTF has high investment costs and low
efficiency due to the isolated structure. The M2DC has high
current stresses due to no transformer. The HVdc-AT has the
similar performance to the topology in this article. However, the
topology in this article employs the autotransformers instead of
the isolated transformer, which means that this topology has
smaller size than HVdc-AT. Besides, the HVdc-AT employs

IV. SIMULATION RESULTS

A model of the dc—dc converter, as shown in Fig. 1, is built
in power systems computer aided design/electromagnetic tran-
sients including DC (PSCAD/EMTDC) to verify the analysis
results and explain the design methods. The detail parameters
of the converter in simulation are shown in Table II. The dc—
dc converter is employed to interconnect two dc networks in
the simulation. The simulation results including steady state,
dynamic, and fault conditions are presented in Figs. 7 and 8.

The parameters of this converter are designed as an example
to explain the design methods according to the analysis results.
First, the voltage conversion ratio -y of converter and the turns
ratio yr of autotransformers can be obtained as v = % and
yr = % The rated voltage of SM capacitor is set as Vo = 2
kV and the modulation index is set as m = 1. Then, the number
of FBSMs and HBSMs in the positive stack and the amounts
of HBSMs in the negative stack can be calculated according
to (39)—(41). The value of ¢ is set to 0.3 when the dc—dc
converter operates at rated power (P,—0.3 = 1000 MW). Then,
the f - Ly can be calculated as 31.35 according to (23). The
capacitance value of SMs is related to the capacitor voltage
ripple. The minimum value of f - C' can be calculated as 0.84 to
guarantee £ < 10% when ¢ = 40.5 according to (30) and (31).
Then, the values of f, L, and C' can be selected according to
the requirements of rated power and capacitor voltage ripples.
Various allocations exist, an example of f = 200 Hz, C' = 8 mF,
and L1234 = 50 mH is accepted here.

Fig. 7 shows the simulation results when the dc transformer
operates at rated power of 1000 MW. In the dynamic simula-
tion, the power is regulated ranging from —1000 to 1500 MW.
Fig. 7(a) shows the voltages and currents of the stacks in
String A. The phase shift between the ac current component
of positive stack and negative stack is greater than 180°. The dc
current component of positive stack is less than 0. The phase
of ac current component and ac voltage component is opposite,
meaning that the positive stack absorb ac power and release
dc power. Similarly, the voltage and current of negative stack
indicate that the negative stack absorb dc power and release ac
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Fig. 7.

Simulation results under steady state and power regulation condition. (a) Voltages and currents of the positive and negative stacks of String A. (b) Voltages

and currents of the positive stacks of two string. (c) Currents of positive stacks in each strings and output current. (d) Arm currents and the ac voltages generated
by stacks and dc sides. (e) SM capacitor voltage ripples in positive stack and negative stack of String A. (f) Power during regulation.
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power. Fig. 7(b) and (c) displays the waveforms of the voltages of
the positive stacks, arm currents of positive stacks, and the output
current. The voltages and currents of two positive stacks are
symmetrical. The output current contains nearly zero harmonics,
which means that the ac current components only flow within
the dc—dc converter due to the symmetry. Fig. 7(d) shows the ac
voltages (v,c1 and vae2) generated by the stacks and dc sides and
the arm currents. The amplitudes of v,.; and v,.5 are 300 kV and
500 kV, respectively, which are the same as the stack ac voltage
components. The phase of ac current is opposite to the voltage,
meaning that the ac power is transferred from the negative stack
to the positive stack.

Fig. 7(e) shows the waveforms of SM capacitor voltages. It
indicates that the SM capacitor voltages are balanced to the rated
value of 2 kV and the capacitor voltage ripples are less than 5%,
which is within the range of expectations. Fig. 7(f) presents the
waveform of the output current under the condition of power
regulation. The power is adjusted from —1000 to 1000 MW at
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Waveforms of stack voltages and terminal currents under fault conditions. (a) Fault happens on LV side. (b) Fault happens on HV side.
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Fig. 9. Experimental platform of the dc—dc converter.
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Fig. 10.

Experiment results under steady state and power regulation condition. (a) Voltages and currents of the positive stack and negative stack. (b) Voltages

and currents of positive stacks of two strings. (c) Currents of positive stacks of two strings and the output current. (d) Arm currents and ac voltages generated by
stacks and dc sides. (e) Capacitor voltages of the submodules and the arm currents. (f) Output current during power regulation.

TABLE III
EXPERIMENTAL PARAMETERS

Symbol Description Value
1% Low voltage 200 V
1%73 High voltage 300 V
P Rated power 1200 W
K Number of HBSMs in positive stack 1
M Number of FBSMs in positive stack 2
N Number of HBSMs in negative stack 4
m Modulation index 1

yr o 1 turns ratio of Autotransformer 2:1

f AC frequency 1000 Hz
La1,La2,Lg3, Laa Arm inductance 2.64 mH
C SM capacitance 550 uF
Lgs1,Ls2 Line inductance 3.64 mH

t = 6 s and from 1000 to 1500 MW at ¢ = 10 s. The simulation
results verify the operation principle and control strategy of
the dc transformer. The dc—dc converter has excellent dynamic
response and accuracy of the steady state.

Fig. 8 shows the performance of converter under dc fault
conditions. Usually, it will take about some time to block all the
IGBTs after the occurrence of fault due to the fault detection
and signal communication, and the delay time is set as 1 ms
in this simulation. The power is —1000 MW before the a dc
fault happens on the LV side and the power is 1000 MW
before the a dc fault happens on the HV side. Fig. 8(a)
presents the simulation results when a dc fault happens on
the LV side at ¢ = 14.5 s. All the HBSMs and FBSMs in
positive stack withstand the voltage of HV side. The fault
current decreases rapidly, but it reduces to O slowly due to
currents, which flow through the freewheeling diodes of the
HBSMs in the negative stack. Similarly, Fig. 8(b) presents
the simulation results when a dc happens on the HV side at
t = 14.5 s. The fault current decreases rapidly after the fault
occurrence. These simulation results validate that the proposed
optimal configuration is reasonable to achieve fault current
limiting.

V. EXPERIMENT RESULTS

In this section, to verify the theoretical analysis and simulation
results, a 1.2 kW, 200 V/300 V laboratory prototype based on
this topology is built and the experimental platform is shown in
Fig. 9. The positive stack employs one HBSM and two FBSMs
and the negative stack employs four HBSMs. The rated capacitor
voltage is 100 V. The detailed parameters of this prototype
are shown in the Table III. Due to the dc voltage is low, the
number of submodules in the prototype is small. Therefore,
the conventional two-level phase-shift control method illustrated
in [53] is adopted to simplify the control.

The waveforms of stack voltages and arm currents at rated
power are shown in Fig. 10(a). There are parasitic resistances
of SMs and fluctuation of capacitor voltage. Therefore, the ac
voltage components of the positive and negative stacks do not
conform to the turns ratio of autotransformer exactly. As a result,
the arm current waveforms are not totally trapezoidal. Fig. 10(b)
shows the currents and voltages of positive stacks, and Fig. 10(c)
displays the output current and currents of positive stacks. The
currents and voltages of positive stacks are symmetrical, and
the output current contains nearly no harmonic component.
Fig. 10(d) shows the ac voltages generated by the stacks and
dc side. The amplitudes of v,.1 and v,c2 are 200 V and 100 V,
respectively. The amplitudes of the ac current components are
determined by the phase shift and amplitudes of the ac voltages.
Fig. 10(e) displays the waveforms of SM capacitor voltages and
the arm currents. The capacitor voltages are all about 100 V
and the voltage ripples are less than 1 V. The experimental
result of power regulation is shown in Fig. 10(f). Because the dc
side voltage is constant, the power is represented by the output
current. The output current Iz is adjusted from 4 to 2 A, then
to —2 A, and finally back to 4 A. The time interval is 2 s.
The prototype experimental results validate that the operation
principle and control strategy of the dc transformer.

The experiment results of laboratory prototype under dc fault
conditions are shown in the Fig. 11. When the current detected
by the controller exceeds the set value, the controller blocks all
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the semiconductor switches of the converter. The fault happens
on LV side when P = —1.2 kW and the fault happens on HV
side when P = 1.2 kW. The experimental waveforms of fault
on the HV side are shown in Fig. 11(a) and I;; > 10 A is set
for fault detection. Since it takes some time to detect fault and
block all the semiconductor devices after the occurrence of dc
fault, the peak value of fault current is a little larger than the set
value. Both the HBSMs and FBSMs in the positive stack provide
reverse voltage in fault current circuit when the fault occurs in the
LV side. Fig. 11(b) shows the experimental waveforms when adc
fault happens on the HV side. The fault determination condition
is —I, > 8 A. Similarly, the peak value of fault current is a
little larger than the set value. The reverse voltage of the positive
stack is generated via the FBSMs, which makes the fault current
rapidly drop and gradually reduce to zero. According to the
experimental results shown in Fig. 11, it can be seen that this
converter can realize the bidirectional fault current limiting.

VI. CONCLUSION

A nonisolated modular multilevel dc transformer is presented
in this article for the interconnection of network segments or
lines with different voltage levels in HV or MV dc grids. It
can realize bidirectional power regulation and bidirectional fault
current limiting. Due to the nonisolated structure, only part of
the power flowing though the autotransformer, which can reduce
the requirements of autotransformers. The control strategy is
simplified and the current stresses are decreased due to the
employment of autotransformers. The optimal design methods
of the dc transformer are proposed to reduce the costs and
power losses according to the analysis results. Comparing to the
classical dc transformers, such as FTF, HVdc-AT, and M2DC,
this dc transformer has the advantages of lower costs, higher
efficiency, lower current stresses, and smaller volume. Finally,
the operation principle, control strategy, and theoretical analysis
are verified by simulation results and experiment results. This
article provides an alternative scheme for the selection of dc
transformer in future dc grids, and the theoretical basis of the
design methodology is provided.
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