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Abstract: This paper proposes an isolated buck-boost topology and control strategy for the photo-
voltaic (PV) medium-voltage DC (MVDC) converter with low-voltage ride through (LVRT) capability.
The proposed isolated buck-boost topology operates on either boost or buck mode by only controlling
the active semiconductors on the low-voltage side. Based on this topology, medium-voltage (MV)
dc—dc module is able to be developed to reduce the number of modules and increase the power
density in the converter, which corresponds to the first contribution. As another contribution, a
LVRT method based on an LC filter for MVDC converter is proposed without additional circuit and a
feedback capacitor current control method for the isolated buck-boost converter is proposed to solve
the instability problem caused by the resonance spike of the LC filter. Five kV /50 kW SiC-based
dc—dc modules and £10 kV /200 kW PV MVDC converters were developed. Experiments of the
converter for MVDC system in the normal and LVRT conditions are presented. The experimental
results verify the effectiveness of the proposed topology and control strategy.

Keywords: MVDC; converter; dc—dc; LVRT; current control

1. Introduction

In recent years, PV power generation has developed rapidly. At the same time,
medium-voltage DC (MVDC) power distribution systems have gradually begun to demon-
strate applications. Compared with traditional AC grid-connected systems, PV DC grid-
connected systems have fewer conversion links, no reactive power loss, reduced transmis-
sion line costs, and no power quality problem such as harmonics. It has the characteristics
of low cost and high efficiency [1-3].

The PV MVDC grid-connected system is a new type of PV system as shown in
Figure 1. The PV DC grid-connected converter is the core equipment in the system. It
has the following characteristics: (1) High boost gain. The voltage gain is tens or even
hundreds and can be changed in a wide range; (2) Medium DC output voltage [4]; (3)
Galvanic separation. For medium- or high-voltage application, galvanic separation should
be applied to prevent dc fault propagation [5]; (4) LVRT capability in case of grid voltage
dip [6].

The capability of LVRT enables the converter to withstand voltage sags and maintain
the connection to the grid and avoid loss of power generation. Power injection during
LVRT enhances the voltage of the common coupling point [7]. There are two challenges
for the MVDC converter to achieve LVRT. Firstly, the converter should not only step up
voltage in normal mode, but also step down voltage when the grid voltage drops. Secondly,
the discharge of output capacitor leads to current spike during the process of LVRT. The
scheme to limit the current spike should be carried out.
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Figure 1. PV MVDC grid-connected system.

Plenty of research works on isolated dc—dc converters have been carried out, but most
of them are not fit for MVDC application because of limited ratings of the semiconductors.
Series-connected active semiconductors are a solution for MVDC application [8], but it is
difficult to keep voltage balance on the switches, especially in high frequency. Modular
multilevel de—dc converter is one solution for MVDC output. A high-frequency-link dc-
dc converter based on modular multilevel topology is proposed in [9,10]. However, the
voltages of these topologies are stepped up only by transformer and the boosting capacity
is limited. As the capacity increases above megawatt level, design and manufacturing of
high-frequency transformer (HFT) become more difficult in terms of insulation, cooling [11].
Topology of dc—dc modules with input parallel and output series (IPOS) configuration is
another approach for MVDC application. The output voltages of the modules are connected
in series to realize the MVDC output of the converter. The capacity and voltage level of
the dc-dc modules are greatly reduced relative to the converter. Thereby the difficulty of
designing and manufacturing the dc-dc module and HFT is reduced.

Dc—dc modules are the core in an IPOS converter. Different module topologies will
lead to different characteristics of the converter. In order to realize high-voltage output and
increase the power density of the converter, medium-voltage dc-dc module is required to
reduce the number of modules.

Dual-Active-Bridge (DAB) is a popular topology in solid state transformer. The voltage
gain range is widened by optimized modulation method [12], but it is not fit for high-
voltage gain application because of low-input voltage utilization and limitation of boosting
capacity. High-voltage gain can be achieved in isolated boost topology [13]. However, it
cannot work when the output voltage is lower than input voltage, LVRT cannot be realized.
In addition, a startup circuit on the high-voltage side is required in boost topology.

An isolated buck-boost converter can operate on either buck or boost mode to widen
the output voltage range [14]. Not only high-voltage gain, but also wide-voltage range is
achieved by the isolated buck-boost converter. Some isolated buck-boost converters are
derived by merging a buck converter with a boost converter. A buck cascades a DAB to
form a buck-boost topology in [15,16]. A switched-capacitor-based submodule cascades
a DAB to form a buck-boost in [17]. The cascaded two stages decrease the efficiency
and increase the cost of the converter. The semi-active rectifier-based isolated buck-boost
converters are developed in [18,19]. A three-level full-bridge isolated buck-boost converter
is proposed in [20] to increase the output voltage. However, active switches should be
included on both the primary and secondary sides of the transformer to achieve boost and
buck mode in the existing isolated buck—boost converters. The voltage rating of active
switches limits the output voltage level of the converter.

Several works are done on the dc converter to avoid overcurrent when voltage dip
occurs. A practical solution of dc—dc converter based on switched capacitor is proposed
in [21]. The switched capacitor can disconnect from the MVDC grid effectively as dc breaker
to avoid capacitor discharge during LVRT. A modular hybrid-full bridge dc converter is
proposed in [22]. The full-bridge on the MVDC side is composed of modular-full-bridge
(MFB). A dc—dc converter with active front end is presented in [23] to avoid dc capacitors
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of power modules being directly exposed to the MVDC side. These converters avoid
overcurrent during LVRT by introducing an additional circuit on the MVDC side, which
increases the cost and reduces the efficiency of the converter.

Isolated buck—-boost topology is a suitable solution for a PV MVDC converter with
LVRT capability. In order to increase the density and achieve higher voltage, developing
a MV dc-dc module is important for a MVDC converter (output voltage above 10 kV).
It is difficult for the aforementioned isolated buck-boost topologies to develop a MV
dc—dc module because active semiconductors are applied on the high-voltage side. A
large number of modules are required and the power density of the MVDC converter is
decreased. Moreover, these existing solutions for achieving LVRT must involve additional
semiconductors circuit, which leads to additional loss and restricts output voltage of the
dc—dc modules. In order to solve this problem, this paper proposes a new solution for a PV
MVDC grid-connected converter with LVRT capability. Compared to the existing work,
this paper’s contribution includes:

(1) A novel MV isolated buck-boost topology and its modulation method is proposed.
By applying only diodes on the high-voltage side, MV dc—dc module can be developed by
this topology to reduce the number of modules in the converter and increase the power
density. High-voltage gain will be realized in boost mode, and LVRT will be realized in
buck mode.

(2) The LC filter for MVDC converter is proposed to suppress the overcurrent caused
by voltage dip, and the LC filter parameter design method is proposed. Compared with the
method mentioned above, the converter efficiency is increased and the cost is decreased.
In order to solve the unstability problem caused by the resonance spike of the LC filter, a
control algorithm based on feedback capacitor current for the isolated buck-boost converter
is proposed to ensure the stability.

(3) Experiments of the converter for MVDC system in the normal and LVRT condition
are presented.

The rest of the paper is organized as follows. The proposed isolated buck-boost
topology and its principle modulation method are described in Section 2. The LC filter
for the MVDC converter is also discussed in this section. In Section 3, the unstability
problem caused by the resonance spike of the LC filter is analyzed. A control algorithm
based on feedback capacitor current is proposed. The complete control strategy for the
converter is also proposed there. In Section 4, 5 kV /50 kW SiC-based dc—dc modules
and £10 kV /200 kW PV MVDC converters are developed and laboratory tests result are
analyzed. Section 5 concludes this paper.

2. Principle of the Converter
2.1. Proposed Topology
Figure 2 is the topology of the PV MVDC grid-connected converter. The converter with

IPOS configuration is shown in Figure 2a. An isolated buck-boost topology is proposed for
the modules in Figure 2b.
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Figure 2. Topology of the proposed MVDC converter.
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In order to achieve MV output, the high-voltage side of the proposed topology only
consists of 4 diodes without active semiconductors. The medium-voltage module is able
to be developed by employing silicon rectifier stack with high-voltage rating. The control
system is simplified without control circuit for the high-voltage side.

Buck and boost modes are achieved by controlling the active semiconductors (Qg ~ Q4)
on the low-voltage side. Through the coordinated control of the duty cycle of Qp ~ Qu,
the voltage of clamping capacitor V;» can be controlled to be either higher or lower than
the input voltage. As the capacitor voltage V., is higher than the input voltage V;;,, L;,
works and Dy is off. The topology operates in boost mode. In this mode, Qg is the clamping
switch, Q1 ~ Q4 and inductor L;, realize step-up voltage. Otherwise, Dy is on and L;, is
bypassed. The topology operates in buck mode. The equivalent circuit of the proposed
isolated buck-boost topology is shown in Figure 3. Ly is the leakage inductor of the
transformer.

Lin
Do Qs _EBQ3 AD; &D;

R _ﬁBQz _EBQ“ AD, &Dy

1
]
O

AJ]Q, _ﬁ}Q3 AD; &Ds
L
] T
1:N
EQZ ‘j}Q" AD, aDy
(b) Buck mode

Figure 3. Equivalent circuit of the proposed isolated buck-boost topology.

In the boost mode, the circuit is able to obtain high-voltage gain by full bridge boost
on the low-voltage side and HFT. Not only high-voltage gain, but also a wide range of
input voltage is achieved, which meets the requirement of the PV MVDC system. In buck
mode, the output voltage range is from 0 to NVj,. LVRT can be realized in buck mode. Zero
output voltage start-up is achieved without additional pre-charging circuit. Redundant
module smoothly cutting in online in IPOS can also be realized.

2.2. Modulation of the Proposed Topology

A unified modulation method is proposed for the two modes in Figure 4. The phase
shift between the same half bridge switches is 180°. The phase shift between the upper or
lower arm switches is 180° too. The two lower arm switches of Q, and Q4 have the same
duty cycle of 0.5. The two upper arm switches of Q1 and Q3 have the same duty cycle,
which is denoted as D. The adjustment range of D is 0 to 1 in ideal condition. The switching
sequences of switch Q1 and Q3 determines the sequence of switch Qp. The circuit operates
in buck mode as D is less than 0.5. The circuit operates in boost as D is more than 0.5.

There are current continuous mode (boost-CCM) and current discontinuous mode
(boost-DCM) according to input inductor current ij;, in boost mode. Boost-CCM mode
is divided into boost-CCM1 and boost-CCM2 according to the leakage current of the
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transformer. In buck mode, there are current continuous mode buck-CCM, current discon-
tinuous modes buck-DCM1 and buck-DCM2 according to the leakage inductor current iy j.
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Figure 4. Switching sequence diagram in boost and buck modes.

Usually, the input inductor is designed as current continuous mode. The leakage
inductor of HFT is small to reduce the voltage on the leakage inductor. The leakage inductor
current is usually discontinuous. Therefore, boost-CCM2 and buck-DCM2 are commonly
used modes. Figure 4a,b are the switching sequence diagram in boost-CCM2 mode and
buck-DCM2 mode, respectively.

2.3. Derivation of Voltage Gain

In boost mode, the voltage gain can be obtained by volt-second balance of the leakage
inductor Ly and input inductor L;,. It can be obtained by volt-second balance of the
leakage inductor Lj; in buck mode. The voltage gain in boost and buck modes are shown
in Table 1. The following is the derivation process of buck-DCM2 and boost-CCM2.

In the buck-DCM2 mode, the volt-second balance of leakage inductor Ly is given as:

(w —V")D—V"(l—D—DUkl) 1)

N N\2
1 NV
Dy = 5~ VZ D ()
o

Dy is the current discontinuous time in buck mode as shown in Figure 4b. N is the
transformer turn ratio. The output current can be expressed as:

V, NVi,—V, (1
L=2="'m"Yop(2 p
=R N2Ly f, (2 lel) ®3)

fs is the switching frequency. R is the load. The voltage gain in buck_DCM?2 mode
Myyck_Dcmp can be expressed as:

2ND

M =
buck_DCM2 D2 T 2Kle D

(4)

where Kle = 2N2lef5 /R.
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In boost-CCM2 mode, the volt-second balance of input inductor is given as:

1
(Vea = Vin)(1 = D) = Vi (D 3) ©)
The relationship between Vj;, and V-, can be expressed as:
Voo 1
Vi ~2(1-D) ©

Table 1. Voltage gain in boost and buck modes.

Mode Voltage Gain
Boost-CCM1 —(1-4D*+4K )N N\/ (1-4D24+4K i )*+16(1—D)?
8(1-D)* 8(1-D)*
Boost-CCM2 N

\/(1-D)?+2Ky4+(1-D)

Acem+/Acem®+4D—052R/ Linf
2

Boost
Boost-DCMI A _ —(1-4D*+4Kyy) \/(174D2+4KW)2+16(17D)2
ccM = 4(1-D) 4(1-D)
Apcm+y/Apcm2+4D—0.52R/ Liy f
Boost-DCM2 IN(1-D)
Apcm = =
\/(1-D)?+4Ky+ (1-D)
N/ (4K )?—(4D2—4D—3
Buck-CCM oK N o N/ K 2( )
Buck Buck-DCM1 N\/ (8K +1+4D~+20D2)*+256K i (D+2D?)
16K ik
- ___2ND
Buck-DCM2 kD

In the boost-CCM2 mode, the relationship between V, and V-, can be obtained by
Equation (4):

Vo _ 2N(1-D) @

Ve /(1= D) + 2Ky + (1- D)

The voltage gain in boost-CCM1 mode Myys: ccpi can be expressed as:
% Vi %
Mipoost_ccm = 70 = VC 2 x T; 8
1 mn
V. N

Mhoost_CCMl = Vilo = (9)

/(1= DY+ 2Ky + (1- D)

According to Table 1, the relationship between voltage gain and duty cycle can be
obtained. Figure 5 shows the relationship between voltage gain and duty cycle. The voltage
gain is related to K. Ky is denoted as Ky jx = 2N2lef5 /R. As Ky, increases, the voltage
gain curve becomes flatter. Therefore, the voltage gain is able to increase by reducing the
leakage inductor or increasing the load resistance.

Table 2 lists the comparison of different isolated topologies related to circuit structure
and performance. DAB has limitation of boosting capacity and the output voltage is lower
than other topologies. Isolated boost has strong boosting capacity but cannot operate in
low-voltage range. In the isolated buck-boost topologies [18,20], buck and boost modes
are achieved by coordinated control of active switches of the primary and secondary sides.
The output voltage cannot reach MV level. Switch drivers and auxiliary power supply is
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required on the high-voltage side. They must sustain high-voltage stress of common mode
and differential mode. These will increase the complexity and reduce the reliability of the
converter. In the proposed topology, there are no active switches but only diodes on the
high-voltage side. By only controlling the low-voltage side active switches, the topology is
able to switch between boost and buck mode. The output voltage of the proposed topology
is easy to reach medium-voltage level. MVDC modules are able to be developed. That is
important for the MVDC converter to reduce the module number and increase the power
density. Meanwhile, only controller and switch drives are needed on the low-voltage side
in the proposed topology. The control system is simplified.

25
——KLIk=0.0125
0 ——KLIk=0.025
KLIk=0.05
> 15
| o
= 4 Boost mode
0°J°1o
b0 Buck mode
= « ' '
S s
0

0 01 02 03 04 05 06 07 08 09 1
Duty D

Figure 5. The relationship between voltage gain and duty cycle.

Table 2. Comparison between different isolated topologies.

Topology DAB Isolated Boost [18] [20] Proposed Topology

High-voltage Switches 4 0 2 2 0
side Diodes 0 4 4 2 4
Low-voltage Switches 4 5 4 6 5
side Diodes 0 0 2 2 1
Number of capacitors 2 3 6 4 3
Number of inductors 0 1 0 0 1

Output voltage Low High Medium Medium High

Boosting capability Low Strong Medium Medium Strong

Output voltage range Narrow Medium Wide Wide Wide

Efficiency Medium High Medium High High

2.4. LC Filter in the Converter

A LC filter is designed in the converter. It has two functions: (1) Filter out high-
frequency components of output current to obtain a lower output current ripple. (2) Limit
the output surge current during the grid voltage drops or dc fault occurs. During the
process of LVRT, a surge current will occur due to discharge of the output capacitor. An
output inductor is introduced in the converter to limit the surge current. The output
inductor L, and output capacitor C, form a LC filter, as shown in Figure 6.
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Figure 6. Converter topology with LC filter.
2.4.1. Design of the Output Capacitor
The relationship between current and voltage of capacitor C, is described as:
S dv
=iy — I, = C%th (10)

where i and v, are the current and voltage of output capacitor C,, respectively. i, is the
rectifier output current. I, is the output current of the converter.
According to Figure 4, Equation (10) can be expressed as:
Ve — Ve doc

—I,=C—<0<t<(1-D)T. 11
leNt 0 C"dto—t—( )Ts (11)

where V- is the average voltage of the output capacitor, T;. is the switching period.

Ave = |V L |dt (12)

(1-D)Ts 1 2(1‘/1_71 )_Vc

where Av, is the increment voltage of the output capacitor during (1 — D) Ts.
Equation (12) is sorted out to be:

_ 1 Tszvin Ve 2
Av, = CO{(l — D) (4leN — I Ts ) — m[(l — D)Ty] (13)

The maximum value of Av, is obtained from (13):

T2V, 2
i
4L N ols| 1
Aveyax = U(ZTE (14)
LN °

The capacitor voltage ripple coefficient a, is defined as &y, = Av¢pax/ V. The mini-
mum value of output capacitor C,,,;, is obtained as:

2
T2V,
c [4lef\7 - IDTS}
omin — B
2V, T
LN “vVC

(15)

As a, is increased, the output capacitance is reduced. That is benefit for LVRT. How-
ever, large voltage ripple on the capacitor will lead to high-voltage stress on the semiconduc-
tors. As the switching frequency increased, such as applying a SiC-based semiconductor,
the capacitance is dramatically reduced.
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2.4.2. Design of the Output Inductor
The transfer function of LC filter Gy ¢(s) is described as:

io(s) 1 1
i2(s) LoCoc 82 + w,?

Grc(s) = (16)

wy is the resonance angular frequency. C, is the equivalent output capacitance of the
converter. It is equal to N;,C,. Ny, is the number of modules in the converter.

[ 1
= 17
“r LoCoc ( )

The main harmonic frequency of 7, is defined as wy, then

ioleon)| _ 1 -
|i2(jeon)| Lococ(jwh)z‘f'l‘
The equation is sorted out to be:
1 (l2(wn)] )
L, = — +1 19
o= e i) )

«y, is defined as the proportion of harmonics current with frequency wj, to the rated
output current. In the de—dc converter, wy, is equal to 47t f;. Then the minimum vale of
output inductor L,; can be described as:

Lol 1 (|12(]47Tf5)| + 1) (20)

Coca)h2 Lyay,

During the process of LVRT, the discharge of output capacitor C,. will lead to a surge
current. The output inductor L, should be designed to suppress the surge current.
dip,
Lod—t” =nV, (21)
where 7 is the voltage sag depth of V;. V, is the voltage of MVDC grid. Equation (21) is

sorted out as:

VT
iy = TEEEL (22)
0

Tryrr is the voltage falling time. Aip, is the increment current during LVRT.
Aip, = a;lo (23)
w; is the allowable overcurrent ratio. The inductance is obtained as:

_ 1VeTivrr

24
o, (24)

Lo2

The value of the output inductor should be designed as the maximum one between
Ly,1 and L.

3. Control Strategy of the Converter

The LC filter can effectively decrease the surge current during LVRT, but it will lead to
stability problems in the system. An appropriate control strategy should be proposed to
solve the problem.
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3.1. The Effect of LC Filter

The LC filter is shown in Figure 7a. In the grid-connected system, the transfer function
from i1 (s) to ip(s) for the LC filter is:

b(s) 1 1 1 1
ii(s) LCg24+ 1 LCs?+w,?

wy = \/g (26)

where wy is the resonance angular frequency. The LC filter has a resonant spike at the
resonant frequency, and a phase —180° jump occurs at the same time, which causes the
system to be unstable, as shown in Figure 8.

(25)

is(s) ANAL__idls) i) A~ Rt
vis) ——C Va(s) vils) =—=C va(s)
(a) LC filter (b) LCR filter

Figure 7. Circuit of LC and LCR filters.
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-90 \
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-180 * " e
10? 10° 10* 10° 108 107
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Figure 8. The bode waveform of LC filter and LCR filter.
In order to solve the problem, damping should be introduced to eliminate the pole.

Adding a series resistor R to the inductor L is shown in Figure 7b. The transfer function
from iy (s) to ip(s) for the LCR filter is:

i(s) 1 1
i1(s)  LC 2+ 28wys + w,? (27)
R [C
c=2V1 (28)

/1
Wy = c (29)

& is the damping coefficient. Compared with the transfer function of the LC filter, a
damping term is introduced in the transfer function of the LCR filter. The pole is eliminated
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by a proper &. The low-frequency and high-frequency amplitude-frequency characteristics
of the transfer function have not been changed, as shown in Figure 8.
& can be increased by increase R or C, or decrease L in (28). In the converter, C, and L,
have been determined and L, is much larger than C,. That will decrease the value of &.
By increasing the resistance, the damping coefficient can be effectively improved,
which will increase the converter loss in practice. At the same time, adding a damping
resistor on the high-voltage side will also increase the cost of the converter.

3.2. Current Control Strategqy with Active Damping

Passive damping cannot be used in the converter because of large loss. Adding active
damping is an effective method to increase damping without additional loss in the control
system.

3.2.1. Model of Current Closed Loop with LC Filter

The current closed loop of the converter with the LC filter is shown in Figure 9. I, is
the output current reference. It is generated by the external voltage loop. i,(s) is the output
current sample signal, the err signal between I,,.r and i, (s) is sent to the output current
PI regulator G;(s). The duty ratio d(s) is the result of the PI regulator. The difference of
i>(s) and iy (s) is capacitor current ic(s). vg(s) is the grid voltage. The difference of v.(s)
and v (s) is output inductor voltage vy,(s).

Vy(s)|—

lores+ d(s) io(s) _ic(s) VeolS) W viofs iofs)
Gi(s) ¥ Gils) R 1/Cys 1/Lys >
- +

Figure 9. Model of current closed loop with LC filter.

According to Figure 10, the small-signal transfer function from the output of the
current compensation loop to the voltage of the current sampling resistor can be obtained
as:

sL; A 1 N L;,s
V(1= G Jae) g = a(5) o 30)
where D' = 2(11:ID)'
LU
2, Y'Y Y\
1 +

Figure 10. Small-signal model in boost mode.

Equation (30) is sorted out to be:

. _i(s) _ f, sLin\VoD' _ Vi
Gials) =55y = (1 D’R> Ly, SLin G1)

where Gj;(s) is the transfer function of output current to duty cycle.
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Figure 11 is the small-signal model in buck mode, the transfer function of G;(s) is

given as:
ir(s)  MZR.Ly 2(1—M)V;
Giy(s) = == = 32
ia(5) d(s) M2R.+ Ly DMR.Lys (32)
where R, = é%lj’fs.
20 -M)Viy, _ (1—M)DVj,
G; ~ = 33
id(5) DMR,s MLy fes (33)
[‘91\
i, Lo Y Y Y
* 2(1-M) » (2-M)v, * !

MR,

Figure 11. Small-signal model in buck mode.

Formulae (31) and (33) are the transfer function of boost and buck, respectively. We
can find that the two controlled objects are integral links or approximate integral links.
The current loop gain expression in Figure 9 is obtained in boost mode as:

Ta(s) = Si)Gials) _ Vin _ Gils) __ Vin _Gi(s)
A LoCos2+1  SLiyy LoCos2+1  sLoCoLiy 82 + w2

1
wr =] I.C (35)

wy is the resonance frequency. It can be seen from Formula (34) that there is a resonance
point in the transfer function and a —180° phase jump occurs at the same time, which
causes the converter to be unstable, as shown in Figure 12.

(34)

150

a o
o o

o

Magnitude (dB)

&
<]

LS
o
S'S)

-180

Phase (deg)

270 ‘ ‘ ‘ e ‘
107" 10° o1 10? 10° 10* 10°
Frequency (rad/s)

Figure 12. The bode waveform of current loop gain.

3.2.2. Adding Active Damping in the Converter

As described in 3.1, inductor series resistance is an effective way to increase damping
of the control system. In order to add damping without additional loss, an active damping
method based on state variable feedback is derived from the passive damping method.
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Figure 13a is the current control loop with a series resistance R to the inductor L,. vg(s)
is the resistance voltage. Through equivalent transformation, Figure 13a is transformed
into Figure 13b.

d(s) i(s) icolS) il
Gi(s) P Gi(s) > 1/Cys 1/Los —"i
R —
(a) Current control loop with damping
V(s)
) 4+ d(s) iafs), ids) VeolS) W Vo) i
L@ Gys) Gals) [FRTH 1Cs [ s P

R/Gia(s)Los [«

(b) Current loop with output capacitor current feedback
Figure 13. Block diagram of output current closed-loop control with LCR filter.

Comparing with Figure 13a, the resistance voltage feedback point is moved to the
output of the current regulator G;(s). At the same time, the current sampling point is
moved forward to the position of capacitor current i.(s). The capacitor current is the
feedback variable, and the feedback signal is the product of the feedback variable and the
feedback function. By subtracting this feedback signal from the duty ratio, the current
control loop in Figure 13b could achieve the same effect as series resistance.

The feedback function H;..can be simplified by substituting the transfer function of
Gia(s):

R _ RLj,
Gia(s)Los  LoViy

The feedback function of the capacitor current is a proportion link, as shown in
Equation (36). There is no integral and differential link in the equation, which greatly
simplifies the control strategy. Because the control objects are integral link in both modes,
the feedback function of the capacitor current is a proportion link for buck mode too.
The control equivalent circuit diagram is shown in Figure 14. Then, the active damping
control by capacitor current feedback is achieved. System damping can be controlled by
adjusting R.

Hi =

(36)

Ve(s)

+ _dis) io(s)__ic(s) wols) W — in(s)
Gi(s) Gia(s) 1/Cos QB 1/Los »

RL,‘,,/L,, Vin J

Figure 14. Equivalent control diagram with output capacitor current feedback.
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The transfer function of loop gain in Figure 14 is derived as:

~ Gi(s)Gia(s)
Ta() = te2  RCs 4 1 (37)

Substitute Equation (31) into Equation (37), then

|4 Gi(s)
Lins LoCps? + RCos + 1

R Co
=7 /7L0 (39)

1
=\ 40)

where ¢ is the damping coefficient and wy is the resonance angular frequency of transfer
Function (38). In order to achieve proper damping without reducing the response speed,
the value of the damping coefficient ¢ is generally designed as 0.707. The appropriate
active damping value Ky can be obtained by Formula (41):

Ta(s) = (38)

Kg =28/ =2 (41)

Figure 15 is the bode curve of current control loop before compensation. Tal is the
loop gain in Equation (34). Ta2 is the loop gain in Equation (38). The resonance point is
eliminated in Ta2. Figure 16 shows the loop gain with PI compensation. PI compensators
Kp = 0.01, K; = 0.002 are implemented in the current loop. The gain margin is 12.8 dB,
phase margin is 56.4°.

Bode Diagram

200
150 |

= Lo=10mH ||

50t Co=1uF
R=150 |
Lin=75uH
-50 | Vin=700

Magnitude (dB)

-100
-150
-90

-135 |

-180 |

Phase (deg)

-225 |

270 ¢ srsal A R S !
10" 102 10° 10* 10° 10° 107
Frequency (rad/s)

Figure 15. Loop gain before compensation.
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Bode Diagram

100 Lo=10mH
50 | Co=1uF
~ R=150
s Or Lin=75uH ||
B 40l Vin=700
T Kp=0.002
§’ -100 - Ki=0.001

-150 -

-200
-90

-135

-180 -

Phase (deg)

-225 +

10° 10" 102 10° 10* 10° 10° 107
Frequency (rad/s)

Figure 16. Loop gain with PI compensation.

3.3. Complete Control Strategy

The complete control scheme of the converter is given in Figure 17. The control system
includes the input voltage loop and the output current loop. In normal, the maximum
power point tracking (MPPT) controller outputs the reference of the input voltage Viyy.
The result of the voltage PI regulator Gy(s) is the reference of the output current Iy, r. The
feedback signal v;, participates in the current closed-loop control.

Lﬂ
Y'Y Y
Module 1
Module 2 |:
Module N i () 0
1'[
‘/iu(_D)—(—— = Cm\"
Vin e
Iin ! Output lo
A A A i capacitor.current
! v feedback
nRLin/LoVin
/ VoV | | M ———
Modulation io
Ui(v Dr b 4
P
Current control loop +A
— Iurqf
» Vim'vf O -
1 Gy(s
» MPPT + () =0
—o0
Voltage control loop Lorefmax

Figure 17. Complete control scheme of the converter.
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In the process of LVRT, as the depth of the grid voltage drop increases, the output
current rises. When the output current reaches the maximum current, the converter will
switch from MPPT mode to constant current mode. There will be a threshold time for the
LVRT. The converter will confirm the grid fault and shut down if the voltage recovery time
exceeds the threshold time. When the grid voltage recovers, the converter will return to
the MPPT mode.

4. Simulation and Experimental Results

A 5kV/50 kW PV dc—dc module based on SiC MOSFETs and SiC Diodes was de-
veloped with proposed dc—dc topology, as shown in Figure 18. Four modules are input
parallel and output series connected to form £10 kV /200 kW PV MVDC converter, as
shown in Figure 19. The main parameters are shown in Table 3.

g o |

i [ ngh voltage Controller
® < side module
3 Full bridge and
sl input diode

Low voltage |
side module

Lt

a_——

Figure 19. 10 kV /200 kW SiC PV MVDC converter.

Figure 20 shows the waveforms of the dc—dc module in boost mode and buck mode.
In Figure 20a—c, the duty cycles are 0.74, 0.65 and 0.53, respectively. The output voltage is
5 kV. The circuit works in boost mode. Figure 20d shows the waveform of the module in
buck mode. The duty cycle of 0.45, the input voltage of the module is 500 V, the output
voltage is 2.5 kV.
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Table 3. Parameters of converter and dc module.

Parameters Value
Rated output power Pco 200 kW
Rated output voltage Vco +10 kV

Input voltage Vin 450-850 V
Converter Number of modules 4

Output inductor Lo 10 mH
Switching frequency fs 50 kHz

Rated power Po 50 kW
Rated output voltage Vo 5000 V

DC module Output capacitor Co 1uF
Input inductor Lin 75uH

Transformer ratio N 5.8
v,[5kV/div]

vin [1kV/div)

;J’W}WLWWHL. - mum

1 -l

[

r

S e (IVdio] =
_\u.'vww ‘,'.‘An'.\'w/ ‘\N_,m v “:‘Mw. ‘M-‘J\M/ \',w,w ,kw'w/ L‘w_w ﬁ‘.ww/
ik [200A/div] [10ps/div]
(a) Boost mode (V;,, =450V, V, =5KkV)
» Vo[5kV/div] ‘l‘f“?’?",‘i&"?‘

vin [1KV/div]

4] ‘ [ { | - vac IlkV/d(u]

F'——_J =
/ /

ik [200A/dw] [10 ps/div]

(b) Boost mode (Vi =600V, V, =5kV)

o e ooy
- vv[SkV/dw]

Vm [200V/d1v]

_ Vad [SOOV/%IZY] { L
1 I

A7 [ZOOA/dm]

[10 pus/div)
(c) Boost mode (V;;, =800V, , =5kV)
Py ooy
vy [500 V/div]
v, [1kV/div]
< i (100 A % )
p—— o = ey —_—
s W I i, o % ,ri Uy . W, f
Vace [500 V/div] | [10 ps/div]

(d) Buck mode (V;; =500V, V, = 2.5kV)

Figure 20. Experimental waveforms of dc module in two modes.
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The efficiency curves of the dc-dc module are shown in Figure 21. Efficiency curves
under different input and output voltages are shown. In boost mode, as the input voltage
increases, the efficiency increases. Because the current is larger in buck mode than boost
mode, the efficiency is lower in buck mode. The maximum efficiency is 98.9%.

100
99 T
LR tt TS SAIT v
i: ------- @t & ©
98 " ......
:-‘_;;...'.'::'-': ''''''
s 2
L 97 3
- .,
g ~
2 96 !
2
23| - A T B\
- «+ ® ++ Vin=600V Vo=5kV
95
/ @ -+ Vin=720V Vo=5kV
® -+ Vin=800V Vo=5kV
94
Vin=800V Vo=2.5kV
93
0 5 10 15 20 25 30 35 40 45 50

Output Power (kW)
Figure 21. Measured efficiency of the de-dc module.

Figure 22 is the voltage gain range of the dc—dc module and converter. The output
voltage curve in Figure 22a conforms to the derivation result in Section 2.3. The voltage
gain of the dc—dc module is between 6 and 11. It is between 24 and 44 for the converter in
normal to adapt to the changing PV voltage. In the process of LVRT, the converter operates
in buck mode and the voltage gain is less than 8 or even close to 0. The blue shade is the
voltage gain range of the converter, as shown in Figure 22b. A wide range of voltage gain
is realized in the converter.

Table 4 shows the comparison between DAB, isolated boost and proposed topology.
As the turn ratio and input voltage are the same, DAB has the lowest output voltage.
Isolated boost and proposed topology have the same boosting ability. However, the output
voltage of isolated boost cannot be lower than 2.3 kV in Table 4. The proposed topology
has wider output voltage.

Table 4. Comparison of the output voltage range of different topologies.

DAB Isolated Boost Proposed Topology
Output voltage range 0-23kV 2.3-5kV 0-5kV
Input voltage 400V 400V 400V
Turn ratio 5.8 5.8 5.8

Figures 23 and 24 are the simulation results of inserting active damping by the pro-
posed method. By only applying the PI regulator, the amplitude of the oscillation is more
than 20% of the average output current. By inserting active damping, the ripple of the
current is reduced to 0.8%. The waveform is stable and oscillation is effectively eliminated.
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Step-down mode Step-up mode

/

: v, [5000V/div]

[2000V/div]
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v, | 1000V div|
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(a) Experiment result of voltage gain of the dc—dc module
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Figure 22. Voltage gain of the dc—dc module and converter.
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Figure 23. Simulation result of inserting active damping (I, = 5 A).
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Figure 24. Simulation result of inserting active damping (I, =7 A).

Figure 25a,b are the experimental results with the PI regulator and proposed active
damping control, respectively. Figure 26 is the experimental result of inserting active
damping by the proposed method. It can be seen from the experimental results that the
proposed method effectively suppresses oscillation. Table 5 is the comparison between PI
and the proposed method. The current ripple is reduced from 30% to 6%.
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Figure 25. Experimental result of PI and proposed active damping control
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Figure 26. Experimental result of inserting active damping by proposed method
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Table 5. Comparison between different control methods.

PI Proposed Method
Output voltage V, 2.5kV 2.5kV
Output current I, 4 A 4 A
Percent of output current ripple 30% 6%

In the process of LVRT, the grid voltage drops from 5 kV to 1 kV, the controller adjusts
the duty ratio to keep the output current on 10 A. The input voltage increases from 768 V
to 795 V because the output power is reduced, as shown in Figure 27a. In the process of
zero voltage ride through, as shown in Figure 27b, the grid voltage drops to 0 V, the output
current is still 10 A by adjusting the duty ratio.

0 001 0.02 0.02

Time (s)

(a) Grid voltage drops 80%

(b) Grid voltage drops 100%

Figure 27. Simulation result of the process of LVRT.



Appl. Sci. 2021, 11,2739

24 of 27

The performance of the converter under LVRT condition is presented in Figure 28. In
this experiment, the output of the converter is connected to a 7 kV dc grid. The input is
connected to a programmable dc power supply with PV curve. As the grid voltage drops
from 7 kV to 2 kV within 150 ms, the current closed loop has a rapid regulation to keep on
2 A during the process of LVRT. The output power is reduced from 14 kW to 4 kW. The
input voltage is increased from 350 V to 450 V. As the grid voltage drops from 7 kV to 0 V
within 200 ms in Figure 29, the converter regulates the duty cycle to keep the current at 4 A
in the whole process. The input voltage is increased from 500 V to 700 V. The input current
is reduced from 50 A to 2 A. When the grid voltage recovers, the converter shifts from buck
mode to boost mode. There is almost no current spike during this process.

Vac [1kV/div]

v, [5kV/div]

iy [2A/div]

vin [1k/div]

\ iy [100A/div] s

. iLu [50A/div]

(a) The process of LVRT

I vt

vy [2kV/div]

iy [2A/div]

U [100A/div] [50ms/dzv]
: vin [1K/div] ——

x [50A/div]
il ||||u”|;un. Wy (T
e

‘lll[l“l'll”l \l ||“|||ll||l”“ ”|Ill|||||||lllr' WUIHHII}H“ “”‘lll
l]lllln\ IH U.unnllll L ‘nhlllllllh“‘ A i J|IIII\|||'|||(“‘|\ ‘Hh nﬂ'lllllhlﬂ “‘H.u||ﬂ{I[llllllllli‘lllnn H‘lhlllll‘llwln' mH/l|||1l I‘Hmnhl

(b) Detail of the process

Figure 28. Experimental result of the process of LVRT (Grid voltage drops 80%).
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Figure 29. Experimental result of the process of LVRT (Grid voltage drops 100%).

5. Conclusions

This paper presented a PV MVDC grid-connected converter with LVRT capability.
A novel isolated buck-boost topology and its modulation method was proposed as the
module of the converter. The control system was simplified by only controlling the active
semiconductors on the low-voltage side. The output voltage is dramatically increased by
applying only diodes on the high-voltage side. The medium-voltage dc—dc module was
developed based on this topology to increase the power density of the converter. A LVRT
method based on the LC filter for MVDC converter was proposed. Compared with the
schemes that require additional circuits to suppress overcurrent during LVRT, this scheme is
a cost-effective solution. In order to solve the unstability problem caused by the resonance
spike of the LC filter, an active damping control algorithm based on feedback output
capacitor current was proposed. Without additional loss, the active damping method
can make the control system stable. The complete control strategy is presented and the
converter can operate on both normal and LVRT modes. The 5 kV /50 kW SiC-based dc—dc
modules and £10 kV /200 kW PV MVDC converters have been developed. Experiments
of the converter for the MVDC system in the normal and LVRT conditions are presented.
High-efficiency and satisfied performance of the converter are achieved.
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