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ABSTRACT: Aiming at the challenge of complex load balancing coordination for a three-phase four-leg (3P4L) based
multi-ended low voltage flexible DC distribution system (M-LVDC) considering unbalanced power compensation,
this paper proposes a phase-split power decoupling unbalanced compensation strategy based load balancing strategy
for 3P4L based M-LVDC. Firstly, the topology and operation principle of the 3P4L-based M-LVDC system is
introduced, and quasi-proportional resonant (QPR) based phase-split power current control for the 3P4L converter
is proposed. Secondly, a load-balancing control strategy considering unbalanced compensation for 3P4L-based M-
LVDC is presented, in which the control diagrams for each 3P4L-based converter are detailed. The core idea of the
proposed strategy is to comprehensively consider the imbalance compensation and load rate balancing between the
two areas to calculate the split-phase power and current reference values of each 3P4L converter and achieve the static
error-free tracking of the reference values through the QPR current inner-loop control. These reference values are then
tracked with zero steady-state error using QPR current inner-loop control. Finally, the effectiveness of the proposed
control strategy is verified through a 3P4L M-LVDC case study conducted on the PSCAD/EMTDC software. The results
indicate that the proposed method not only can reduce the three-phase imbalance degrees from >20% to <0.5%, but
also achieve excellent balanced load rates, with the load-rate difference smaller than 1.5%.
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1 Introduction

In recent years, the integration of photovoltaic (PV) systems into distribution networks has emerged
as a pivotal strategy in the global transition towards sustainable energy. According to the International
Energy Agency (IEA) 2024 report, the cumulative installed capacity of distributed PV systems worldwide
has reached over 1200 GW, with an annual growth rate of approximately 25% in the past five years [1].
However, the PV generation is highly dependent on weather conditions and hence not uniform. This
lack of uniformity of the solar generators makes the grid system highly vulnerable [2]. Meanwhile, with
the grid connection of large-scale distributed photovoltaics and the widespread access of electric vehicles
(EVs) and other energy substitution loads to the distribution network, the large-scale, disorderly access
directly leads to prominent power quality issues, such as three-phase imbalance and low voltage. It also
causes problems like insufficient capacity and uneven loading of distribution transformer areas (DTAs) and
power supply lines [3-6]. Currently, for the interconnection and mutual power supply between Distribution
Transformers (DTAs), most methods are based on topological reconfiguration and state switching of switch
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combinations [7,8]. However, in the process of interconnection and mutual power supply through this
traditional AC (Alternating Current) method, due to the characteristic of “closed-loop design and open-
loop operation” of the AC power grid, the bus tie switches between DTAs are often in a cold standby state
during the normal operation of the system. Their controllability of mutual power support and load balancing
capability are not sufficient to support the rapidly growing demand at both the source and load ends in the
current DTA [9]. Moreover, the disordered connection of new types of sources or loads, such as PV and
electric vehicles (EVs) in low-voltage distribution areas, has led to severe three-phase unbalance issues [10].

Flexibly interconnecting multiple low-voltage distribution areas through AC-DC converters can sig-
nificantly enhance the power supply capacity of the distribution areas and achieve the governance of
power quality in low-voltage distribution areas [11]. However, commonly-used three-phase three-leg (3P3L)
interconnection converters have relatively poor capability to handle asymmetric and non-linear loads, and
cannot achieve the governance of three-phase unbalance. In contrast, the three-phase four-leg converter
(3P4L), which includes a separately controllable fourth leg, adds a flow path for the zero-sequence leg and can
realize the independent control of the phase-separated power of each phase, making it an effective means to
solve the problem of three-phase unbalance governance in low-voltage distribution areas [12-15]. However,
its large-scale application still faces some problems. On the one hand, the control of existing three-phase four-
leg converters is mainly based on the decoupling of positive, negative, and zero sequences, and the methods
used are mostly the symmetrical component method [16], the 1/4 cycle delay method [17], the positive and
negative sequence separation method based on the second order generalized integrator [18,19], etc. Due to
the presence of all-pass filters, it is easy to cause distortion of the separated positive and negative sequence
voltage components, resulting in a large overall calculation amount and a complex implementation process.
On the other hand, most of the existing load balancing strategies for flexible interconnected distribution
areas are based on symmetrical load with 3P4L-based M-LVDC conditions [20,21], without considering the
characteristics under unbalanced loads. When the load rates of multiple distribution areas are inconsistent,
there is no research on the multi-VSC coordinated control that takes into account multiple objectives, such
as three-phase unbalance compensation and load balancing rate.

To address this, this paper proposes a phase-split power decoupling unbalanced compensation strategy
based load balancing strategy for 3P4L-based M-LVDC. The main contribution of this paper can be
summarized as follows:

(1) The power decoupling control mechanism of the 3P4L converter is clarified based on the switching
cycle average method, then a direct current control strategy using quasi-proportional resonant (QPR)
control is proposed, which can achieve zero-error tracking of each phase AC current.

(2) Based on the power analysis, the calculation principles for the reference value of each phase current
under the three-phase unbalance compensation mode are clarified, and then a load balancing strategy
for 3P4L-based M-LVDC is proposed.

Through a PSCAD/EMTDC software simulation model of 3P4L-based M-LVDC, the effectiveness of
the proposed method has been verified.

The paper is organized as follows: Section 2 of this paper introduces the topology of 3P4L-based M-
LVDC, and the power decoupling control mechanism and QPR current control of the 3P4L converter are
clarified. Section 3 introduces the proposed load balancing strategy, which is based on a phase-split power
decoupling unbalanced compensation strategy. Section 4 introduces simulation analysis and verification.
And Section 5 is the conclusion of this paper.
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2 Topology and Operation Principle of the 3P4L-Based M-LVDC System
2.1 Topology of 3P4L-Based M-LVDC

Fig. 1 shows the typical topology of a 3P4L-based M-LVDC system, which consists of two distribution
areas and an M-LVDC network composed of three voltage source converters (VSCs). Specifically, VSCI is
located at the transformer outlet of Distribution Area I, VSC2 at the end of the distribution line in Area I,
and VSC3 at the transformer outlet of Distribution Area II. These VSCs are connected via low-voltage DC
lines erected on the same pole, thereby establishing energy flow paths for both intra-area (VSCI-VSC2) and
inter-area (VSCI-VSC3) source-load interactions.

M-LVDC
Low-voltage Low-voltage
distribution VSCl VSC3 Gistribution
area [ AC AC area I1
DC DC

ip Ly Rg +
D s [Ju
i Sy W_:} — T P
: . R
1 Uil L¢ Rc

Figure 1: Typical topology of 3P4L-based M-LVDC systems

The principles of unbalanced compensation and load balancing in the M-LVDC system are as follows:
Before M-LVDC integration, the asymmetric connection of loads in distribution areas leads to imbalanced
three-phase loads, manifested as unbalanced three-phase currents in the distribution transformer. By
embedding the M-LVDC system and interconnecting the head and tail ends of Distribution Area I via VSC1
and VSC2, where VSCI stabilizes the DC voltage and VSC2 performs phase-split power compensation at
the tail end, the three-phase power delivered by the distribution transformer is balanced, thereby achieving
balanced three-phase currents at the head end of Distribution Area I. After comprehensively considering
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the load characteristics of both distribution areas, VSC3 designs appropriate phase-split power control
commands to balance the load rates between Distribution Area I and Distribution Area II.

The key to achieving three-phase unbalance compensation lies in realizing phase-split power decoupling
control. Traditional three-phase three-leg (3P3L) VSCs exhibit strong coupling among the three-phase
powers, making it challenging to achieve phase-split power decoupling control. Therefore, the VSCs in this
system adopt the three-phase four-leg (3P4L) converter topology shown in Fig. 1. Compared with the 3P3L
converter, the 3P4L converter adds an additional leg connected to the neutral point N, which enhances the
control flexibility of the converter, provides a path for unbalanced currents, and enables compensation for
three-phase unbalanced power.

2.2 Mathematical Model of Three-Phase Four-Bridge-Arm Converter

Fig. 1 shows the circuit topology of the 3P4L VSC converter, where ey, e, and ec are the three-phase
power sources, ir 4, irp, and i ¢ are the three-phase currents, i;y is the neutral-line current, R4, Rg, R¢ are
the resistances of the three-phase circuits, L4, Lg, Lc are the three-phase filter inductors, Cj. is the DC-side
support capacitor, and Uy, is the DC-side voltage. Each leg of the 3P4L converter has two switching devices,
defining the switching functions g, gg, gc, qn to represent the switching state for the four legs. When ¢; =1
(i= A, B, C, N), it indicates that the upper device is ON and the lower device is OFF, and vice versa.

Defining gan = 94 — qn> 48N = g8 — 9N> den = qc — qn- The relationship between the AC voltage of the
legs and the DC-side voltage can be obtained as:

AN qAN
eBN = qBN UdC (1)
eCN qCN

Based on Kirchhoff’s Voltage Law (KVL), the state equations of the 3P4L converter can be expressed as:

LdiLA
e, dd,t iR e, —e,
i .
e, |= Ld_LtB +1 i ,R |+]| e, —en (2)
e. i i, .R e.—enN
LdlLC :
dt
LA Z'LA
idc = (SA SB SC SN) - = (SA SB SC iLB (3)
LC
ZLC

By combining Eqgs. (2) and (3) and then simplifying, the following expression can be obtained:

p Lia €, San Lia
; _1 1 R .
dt Lg -1 €y ol Ssny Udc T Lip
LC €c Sen e (4)

1 )
iLA
idc = (SAN SBN SCN) iI,B
iLC
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Defining vectors i, e, and s are as follows:

ILC C SCN

Based on the average method of the switching period, the system equations can be obtained:

d(iL)Ts .
(st) = %(e)n —%(sUdc) Ts—%(zL) Ts 5)
(idc) = (sTiL) Ts
dAN
Defining d = | d,, |, then the average duty cycle variables between the A, B, and C phases and the
d

CN

fourth leg can be obtained as:

AN:<AN(t) / T)dT_d _d (6)

BN:<BN(t) / BN(T)dT_d _d (7)

doy oo Oy = [ s (- do =4, ®)

where d; (i= A, B, C, N) is the duty cycle of the i-th leg, which can be expressed as:
(D) = [ s, (1) dr ©)

Since the inductor current vector iy, is a continuous function of time in a switching cycle, which can be
regarded as the same value, Eq. (9) can be simplified as:

(shi)y = (s")y (in)y, =d" (ir)y, (10)

Therefore, the switching period average model of 3P4L converter is obtained by synthesizing
Egs. (5)-(10).

: (11)

The equivalent circuit diagram of the switching period average model of the 3P4L converter obtained
from Eq. (11) is shown in Fig. 2. It can be seen that the phase of the 3P4L converter is independent, and the
circuit parameters of each leg are only related to the control quantity of the bridge arm, and there are no
coupling effects; an independent phase-split power control strategy can be realized.
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Figure 2: Equivalent circuit of the switching cycle averaging model for the 3P4L converter

2.3 Quasi-PR-Based Phase-Split Power Control Strategy

The key point of the three-phase imbalance compensation in the distribution area is using the 3P4L
converter to achieve the independent phase-split power control, i.e., independently controlling the power of
each phase according to the load conditions. Based on the equivalent averaging model for the 3P4L converter,
a quasi-PR-based phase-split current control strategy is proposed, which achieves zero-error tracking of
the output current reference value by a quasi-PR current inner-loop and eliminates the need for sequence
decoupling and outer-loop control.

The control function of the QPR current loop can be expressed as:
Uires = (Ivirer = I1i) Gpr (5) = ILivef@L; (12)

where Ipir.s (i = A, B, C, N) is the reference value of the current loop, L; (i = A, B, C, N) are the inductors for
each phase.

The reference current value of the fourth leg I ny.r can be calculated as:
ILNref == (ILAref + ILBref + ILCref) (13)

And the general transfer function of a QPR controller can be obtained as follows:

2K, w.s

GpR (S) —Kp+ m (14)
where K, is the proportional coefficient of the controller, K, is the resonant frequency coefficient, w, is
the cutoff frequency of the controller, wy is the resonant frequency of the controller, which is generally
set to the grid frequency wy = 1007 (rad/s). Based on Eq. (14), the closed-loop structure control block
diagram can be drawn as Fig. 3. The performance of the QPR controller is mainly affected by K}, K;, and w,,
which can be selected as K, = 200, K, = 150, and w. = 10 by comparing the performance difference under
different parameters.
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Figure 3: The quasi-PR-based current closed-loop mode controller

3 Load Balancing Control Strategy Considering Unbalanced Compensation for 3P4L-Based MLVDC
3.1 Overall Control Block Diagram

Fig. 4 illustrates the collaborative control block diagram of the load balancing control strategy consider-
ing unbalanced compensation for 3P4L-based M-LVDC. In which, VSC1 employs Uy, control to stabilize the
DC-side voltage, VSC2 adopts unbalanced power compensation control to provide power compensation for
the unbalanced load in Area 1, VSC3 utilizes an unbalanced power transfer strategy to achieve load balancing
between Arealand Area 2 (n; = n;) and unbalanced compensation in Area II. The specific control description
can be detailed as follows.

VSC 1: Controlling the dc voltage V,. for stable operation of M-LVDC

compensation in area II

VSC 2: Controlling the power P,,., forunbalanced compensation in area [
@ VSC 3: Controlling the power P, for load balancing (7, = n,) and unbalanced
&)

Areal VSC 1: Fixed DC VSC3: Load
Voltage Control Balancing Control

AC
DC

Va

VSC2
Unbalanced Power

Compensation Contrjl
AC

DC M-LVDC

Figure 4: Diagram of load balancing control strategy considering unbalanced compensation for 3P4L-based M-LVDC

3.2 Fixed DC Voltage Control for VSCI

In M-LVDC systems, controlling the DC bus voltage is essential, which is a core link to ensure stable
system operation, power quality, and equipment safety. Its importance is mainly reflected in maintaining
system power balance and ensuring power quality and normal equipment operation. And VSCl is connected
to the beginning of Area 1, which is controlled to obtain a stable DC voltage. The control diagram of the VSC1
is shown in Fig. 5. In which, the outer loop of VSCI adopts DC voltage control, providing reference values
Iparef> ILBrefs Increr for the inner loop current control. The reference current of the N-phase bridge arm is
equal to the sum of the three phases A, B, and C, but in the opposite direction. After obtaining the reference
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current value for each phase, the inner loop uses the aforementioned Quasi-PR direct current control to
achieve zero-error tracking, and the switching signals are generated through PWM modulation.

(]dcref + I +
—> P > —L pf Quasi-PR AR | Bridge am A
——| control —> —— controller »”| Control signal
Udc - UA IA -
Liprer *
Quasi-PR AP | Bridge am B
—> —»| controller P Control signal
Us Iy -
i -+
—) Quasi-PR 7AVAVAX o Bridge arm C
IT) I—) controller P Control signal
Quasi-PR VY w| Fourth bridge arm
controller 4 control signal

Figure 5: The control diagram of the fixed DC voltage control for VSCl1

3.3 Unbalanced Power Compensation Control for VSC2

The VSC2 compensates power at the end of the distribution Area I by using the phase-split power
control. It is necessary to first calculate the compensation power reference value, and then calculate the
current reference value for quasi-PR current direct control.

3.3.1 Phase-Split Power Reference Value Calculation for Unbalanced Power Compensation

Firstly, the three-phase output power Py, (x = A, B, C) of the distribution areal is calculated as:

PTx = VTxrmsITxrms COS(HVTx - HITx) (15)

where Vi (x = A, B, C) represents the RMS values of the three-phase output voltages of the transformer,
and Iryms (x = A, B, C) represents the RMS values of the three-phase output currents of the transformer.
Ovrx (x = A, B, C) represents the phase angles of the three-phase voltages, and 0,1, (x = A, B, C) represents
the phase angles of the three-phase currents. During the measurement process, the fundamental amplitude
and phase of the AC side voltage and current need to be obtained through a Fourier transform to avoid the
impact of harmonics.

Subsequently, the three-phase power P, (x = A, B, C) at the current balance point is calculated as:
Py = VirmsLirms cOs (er - elx) (16)

where V.ms (x = A, B, C) represents the RMS values of the three-phase voltages at that point, and L
(x = A, B, C) represent the RMS values of the three-phase currents at that point. 8y, (x = A, B, C) represents
the phase angles of the three-phase voltages at that point, and 0, (x = A, B, C) represents the phase angles of
the three-phase currents at that point. Similarly, when calculating and measuring, the fundamental amplitude
and phase of the AC side voltage and current need to be obtained through a Fourier transform to avoid the
impact of harmonics.
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Finally, the phase-split power reference value Py, (x = A, B, C) for VSC2 can be calculated as:

PTA+PT +PTC
eref:Px_r] 3B (17)

where 7 is the ratio of the power transmitted from the current balance point to the total power required by
the distribution area, which should be set according to actual load conditions.

3.3.2 Current Reference Value Calculation for Unbalanced Power Compensation

When calculating the input current reference value, the power transmission direction needs to be
considered; hence, a single-input comparator F is introduced. When the reference power in Eq. (17) is
positive, the output of the single-input comparator is 1, indicating that the power flows from the DC side to
the AC side via VSC2. When the reference power is set to a negative value, the output of the single-input
comparator is —1, indicating that the power flows from the AC side to the DC side via VSC2.

The peak values of the three-phase reference current Iyscaxpeak (X = A, B, C) can be calculated by the
reference power as:

xre xref

VVSCZxrms

P2 +Q?

f
Iyscaxpeak = V22— (18)
where Qs (x = A, B, C) represents the reference reactive power, and Vyscaxrms (x = A, B, C) represents the
RMS values of the three-phase AC voltages on the AC side of VSC2.

After obtaining the peak values of the three-phase current, the input current reference values I,ef (x =
A, B, C) for the current loop can be expressed as:

Ixref = FxIVSCpreak cos Oyscalx (19)

Among them, F, (x = A, B, C) represents the output signals of the three-phase single-input comparators,
and Ovscare (x = A, B, C) represents the phase angles of the three-phase current, which can be calculated as:

eref

20
eref ( )

Ovscarx = Ovscavy —arctan
where Oy, (x = A, B, C) represents the phase angles of the three-phase voltage. These are measured by
inputting the voltages from the AC side of VSC2 into a phase-locked loop (PLL) after passing through a
delay module. This approach avoids potential phase shift errors in voltage phase angle measurement caused
by three-phase imbalance at the end of the distribution area.

Fig. 6 plots the block diagram of the unbalanced power compensation control for VSC2. In which, the
outer loop of VSC2 adopts a power loop, which provides reference values I aref, I Bref> ILcref by Eqs. (15)=(20).
The reference current of the N-phase bridge arm is equal to the sum of the three phases A, B, and C, but in
the opposite direction. After obtaining the reference current value for each phase, the inner loop uses the
aforementioned Quasi-PR direct current control to achieve the zero-error tracking, and finally, the switching
signals are generated through PWM modulation.
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Figure 6: The control diagram of unbalanced power compensation control for VSC2

3.4 VSC3 Split-Phase Power Control Considering Load Balancing

The VSC3 draws power from the DC side and transfers it to Distribution Area II, achieving power
supply transfer, alleviating the heavy load condition of the distribution transformer in Area II, and thus
realizing load balancing between the two areas. The goal of the load balancing control strategy of VSC3 is
to equalize the load rates of the two distribution areas. Therefore, it is necessary to first calculate the power
supply transfer reference value and then calculate the current reference value for phase-by-phase quasi-PR
current direct control.

Calculation of Unbalanced Power Supply Transfer Reference Value

Firstly, the total power Sy transmitted by Area I can be calculated as:
STI = VTArmsITArms + VTBrmsITBrms + VTCrmsITCrms (21)
Similarly, the total power Sy, transmitted by Area II can be calculated as:

ST2 = VTZArmsIT2Arms + VTZBrmsITZBrms + VTZCrmsITZCrms (22)

where Vioxmms (x = A, B, C) are the RMS values of the three-phase voltages in Area II. I7;y.ms (x = A, B, C)
are the RMS values of the three-phase currents in Area 2I1.

Assuming that after power transfer, the load rates of Area I and Area II are equal, then the following
equation can be obtained.
STI + Stm ST2 - Stm

= (23)
Stin Stan

where Sy, represents the transferred power, and STIN, ST2N are the rated power of the transformer in Area
I and Area II. Simplifying Eq. (23) yields,

S - STinSt2 = ST2NSTI
tra —

(24)
STin + Stan
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Then, the load rate n, of Area 2 can be calculated as:

Sty —S
ny = 21272 100% (25)
T2N

Subsequently, the output three-phase power S, (x = A, B, C) of the distribution transformer in Area 2
can be calculated as:

STZX = VTZxrmsITZxrms (26)

Finally, the three-phase active power reference values Py, for VSC3 are calculated as:

ki3

eref = (kp3 + T) (ST2x cos Oy —

128715 cos O, ) 27)

3

where kp3 + % is the transfer function of the PI controller, ensuring the stability of the output active power
reference values, and 07, is the power factor angle of Area II.

The block diagram of the unbalanced power compensation control for VSC3 is shown in Fig. 7. In which,
the power outer loop is used to calculate the reference value, and the input current reference value for VSC3
can be calculated as that of VSC2 with Eqgs. (18)-(20). Then, the Quasi-PR direct current control is used to

achieve the zero-error tracking. Finally, the switching signals are generated through PWM modulation.

v P Aref
TArms > I, + Bridge
—> Laref » arm A A]AVAX Bridge arm A
I74rms QAre/ —; Control P”|  Control signal
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- - Brid
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/m.x—> . Reference voltage controt signa
, > |
I LCref signa

Figure 7: The control diagram of VSC3 split-phase power control considering load balancing

4 Simulation Analysis and Verification

To verify the effectiveness of the proposed control strategy, a simulation model was built in the
PSCAD/METDC simulation software based on the actual topology of alocal distribution area. The typologies
of Distribution Area I and Distribution Area II are shown in Fig. 8. The AC-side voltage of the converter
is 380 V/50 Hz, and the filter inductance of the 3P4L converter is 250 mH. The switching frequency is
10 kHz. The transformer capacity of Distribution Area 1 is 200 kVA, and the loads at each node and the
connected photovoltaic (PV) data are shown in Table 1. The PV system is connected to different nodes, and
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its capacity is 10 kW. Generally, the PV system consists of a PV panel, an MPPT DC-DC converter, and a grid-
connected inverter to connect the AC system. But the control target is to coordinate the 3P4L VSCs control to
achieve the load balancing and three-phase imbalance suppression. Therefore, the PV system is not detailed
in the manuscript, which only seems like a power source. The transformer capacity of Distribution Area 2 is
100 kVA, and the loads at each node and the connected photovoltaic (PV) systems are shown in Table 2.

Grid I 200kVA

(a) (b)

Figure 8: The topology of the distribution area in the case study. (a) AreaI; (b) Area II

Table 1: Three-phase load and PV data for area I

Node Load (kW) Photovoltaic (kW)
Phase A Phase B Phase C Phase A Phase B Phase C
1 3 3 3 6.67 0 0
2 3 3 3 0 6.67 0
3 3 3 3 0 0 6.67
4 3 3 3 0 6.67 0
5 0 3 0 0 6.67 0
6 3 3 3 0 6.67 0
7 3 3 3 6.67 0 0
8 3 3 3 0 0 6.67
9 0 3 0 6.67 0 0
10 3 3 3 0 0 6.67
1 3 3 3 6.67 0 0
12 3 3 3 0 6.67 0
13 3 3 3 0 6.67 0
14 3 3 3 0 0 6.67
15 3 3 3 6.67 0 0
16 3 3 3 0 0 6.67
17 0 3 0 0 0 6.67
18 3 3 3 0 6.67 0
19 3 3 3 0 6.67 0
20 3 3 3 0 6.67 0
21 3 3 3 6.67 0 0
22 3 3 3 0 6.67 0

(Continued)
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Table 1 (continued)

Node Load (kW) Photovoltaic (kW)
Phase A Phase B Phase C Phase A Phase B Phase C
23 0 3 0 0 6.67 0
24 3 3 3 0 0 6.67
25 3 3 3 0 0 6.67
26 3 3 3 0 6.67 0
27 3 3 3 0 6.67 0
28 3 3 3 0 0 6.67
29 3 3 3 0 6.67 0
30 0 3 0 0 6.67 0
31 3 3 3 0 0 6.67
32 0 3 0 0 0 6.67

Table 2: Three-phase load and PV data for Area II

Node Load (kW)
Phase A Phase B Phase C
1 0 0 0
2 0 6.85 13.25
3 0 4.80 0
4 0 4.80 0
5 0 4.70 0
6 5.50 0 0
7 5.50 0 0
8 0 4.70 0
9 0 0 12.25
10 0 0 8.25
1 0 0 6.25
12 0 5.65 0
13 5.50 0 0
14 5.50 0 0
15 5.50 0 0

4.1 Load Condition and Voltages Analysis in Area I and Area II without M-LVDC

When the M-LVDC is not introduced to Distribution Area I, the load condition and voltage analysis
in Area I are shown in the Fig. 9. It can be seen that the phase power in Node 1 is unbalanced, i.e., Prj4 =
40.33 kW, Pryp = 55.15 kW, and Pric = 38.91 kW. The three-phase voltage is basically balanced, hence the
amplitude of Phase A current is the smallest, and that of Phase B current is the largest. The three-phase power
unbalance degree A; at Node 1 is calculated to be 23.11%, and the load rate of area I »; is 67.64%.
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Figure 9: Load condition and voltages analysis in Area I. (a) Power curve of Node 1; (b) Voltage waveform of Node 1;
(c) Current waveform of Node 1

When the M-LVDC is not introduced to Distribution Area II, the load condition and voltage analysis
in Area II are shown in the Fig. 10. It can be seen that the phase power in Node 1 is unbalanced, i.e.,
Pryp = 2741 kW, Pryp = 32.08 kW, and Pryc = 40.15 kW. The three-phase voltage is basically balanced.
The three-phase power unbalance degree A; at 20.89%, the load rate of area II n, is 99.27%, exhibiting
heavy-load conditions.

0.60 0.40
60-0 =PI2A 0:50 VA 0.30
50.0 = PT2B 0.40 = vise
= PT2C 030 0.20
400 » 020 0A10
=300t 0,00 To.00 |l
=30. 5 Z0.00
< 20.10 =
20.0 -0.20 -0.10 ‘ '
10.0 03 0.20
0.0 050 0.30
' 5 e -0.40
0.00 025 0.50 0.75 liAQO 125 150 1.75 2.00 0.900 0.925 0.950 0.975 1.(?20 1.025 1.050 1.075 1.100 990 0.95 1.00 1.05 1.10 Ir./IS 120 1.25 1.30 1.35 1.40
- s
(a) (b) (c)

Figure 10: Load condition and voltages analysis in Area II. (a) Power curve of Node 1; (b) Voltage waveform of Node
1; (c) Current waveform of Node 1

4.2 Load Balancing Simulation Results for 3P4L-Based M-LVDC System

To address the imbalance in load rates between Distribution Area 1 and Distribution Area 2, the
M-LVDC was integrated into the distribution area, forming a flexibly interconnected distribution area, as
shown in Fig. 11. In the simulation case study, VSC1 adopts the fixed U, control strategy, regulating the DC-
side voltage to 0.75 kV. The VSC2 implements the unbalanced power compensation strategy, with the power
factor set at 0.9 and the reactive power set at 0 kvar. The VSC3 employs the power supply transfer control
strategy. Additionally, a 20 kW active load is suddenly increased in Phase B at Node 3 of Distribution Area
2atls.

Figure 11: The topology of the 3P4L-based M-LVDC Simulation case study
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Fig. 12 plots the curves of load rate in Area I and Area II. It can be seen that the system became stable
after 0.5 s of operation, and regained stability 0.5 s after the load surge. When the load in Distribution Area
IT had not surged, n; was 79.22% and n, was 80.64%, with the load rates reaching a balance. After the 20 kW
load surge in Distribution Area II, n; was 85.02% and n, was 86.94%, with the load rates still basically in
balance. In summary, the proposed method can maintain the real-time load-balancing ability between those
two areas.
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Figure 12: The curves of load rate in Area I and Area II under the load variation conditions

The following section analyzes the operating conditions of Distribution Area IT and Distribution Area II.

4.2.1 Operating Conditions of Distribution Area I

Fig. 13 shows the power waveforms of node N, node 1, and VSC2 in Area I. Through the phase-split
power control at VSC2, the power of phases A, B, and C in area I is independently controlled to achieve
the unbalance suppression. After the load of transformer Area II increases, the load at the transformer area
transformer (node N) slightly increases, but the three phases remain basically balanced, which fully indicates
the effectiveness of the proposed three-phase unbalance suppression strategy for VSC2.
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Figure 13: Power curve of different nodes in Area I. (a) Node N; (b) Node I; (c) VSC2

Fig. 14 shows the voltage waveforms of node N, node 1, and VSC2 in Area I. During the load variation
process, the three-phase voltages at node N and node I are basically balanced, while the voltage on the AC
side of VSC2 shows a slight imbalance, which is mainly caused by the unbalanced three-phase load in the
transformer area on the VSC2 side.

Fig. 15 shows the current waveforms of node N, node 1, and VSC2 in Area I. During the load variation
process, the three-phase current at node N is basically balanced, the current unbalance degree at Node N is
0.28%-0.33%, which is all within 0.5%, indicating the effectiveness of the proposed three-phase unbalance
suppression strategy for VSC2.
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Figure 14: Voltage waveforms of different nodes in Area I. (a) Node N; (b) Node I; (c) VSC2
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Figure 15: Current waveforms of different nodes in Area I. (a) Node N; (b) Node I; (c) VSC2

4.2.2 Operating Conditions of Distribution Area IT

Fig. 16 shows the power waveforms of node 1, and VSC2 in area II. Through the phase-split power
control at VSC3, the power of phases A, B, and C in area I is independently controlled to achieve the
unbalance suppression. After the load of transformer area II increases, the load at the transformer area
transformer (node 1) slightly increases, but the three phases remain basically balanced, which fully indicates
the effectiveness of the proposed three-phase unbalance suppression strategy for VSC3.
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Figure 16: Power curves of different nodes in Area II. (a) Node 1; (b) VSC3

Fig. 17 shows the voltage waveforms of node 1 and VSC3 in Area II. During the load variation process,
the three-phase voltages at node N are basically balanced, while the voltage on the AC side of VSC3 shows
an imbalance, which is mainly caused by the unbalanced three-phase load in the transformer area on the
VSC3 side.
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Figure 17: Voltage waveforms of different nodes in Area II. (a) Node 1; (b) VSC3

Fig. 18 shows the current waveforms of node 1 and VSC3 in Area II. During the load variation
process, the three-phase current at node 1 is basically balanced, the current unbalance degree at Node N is
0.13%-0.15%, which is all within 0.5%, indicating the effectiveness of the proposed three-phase unbalance
suppression strategy for VSC3.
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Figure 18: Voltage waveforms of different nodes in Area II. (a) Node 1; (b) VSC3

To demonstrate the superiority of the proposed method, Table 3 presents a comprehensive comparison
ofload characteristics before and after the implementation of the proposed control strategy. Notably, prior to
the adoption of the M-LVDC system and the load balancing control strategy, the three-phase loads in both
areas exhibited extreme imbalance, with the power imbalance degree exceeding 20% in each area. The load
rates of the two areas also showed significant disparities, and Area II suffered from a severe overload issue,
reaching as high as 99.27%. After implementing the proposed control strategy, which achieves decoupled
control of split-phase power via VSC2 and VSC3, the three-phase imbalance degrees of both areas have been
remarkably reduced, being tightly controlled within 0.5%. Moreover, the load rates have been well balanced,
and the load rate difference is <1.5%.

Based on the above analysis, the proposed control strategy realizes decoupled control of split-phase
power through VSC2 and VSC3, which can not only suppress the three-phase imbalance in the two
transformer areas but also balance the load rate, which fully demonstrates the effectiveness of the proposed
control strategy.
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Table 3: Comparison of load characteristics before and after the implementation of the proposed control strategy

Parameters Area Load conditions without M-LVDC Load condition with M-LVDC and
proposed strategy
Unbalanced, and Area II is under Balanced, and the heavy load of
0 0, ]
Load rates Areal  67.64% heavy load conditions. 79-22% Area IT is addressed.
Areall 99.27% 80.64%
Both Areas h i hree-ph Both A i 11
Powerimbal-  Areal  23.11% ot reas have a serious three-phase 0.28% oth Areas obtained an excellent
power imbalance. three-phase power balance.
ance degrees
Areall 20.89% 0.13%

5 Conclusions

Aiming at the problems of inter-phase unbalance and uneven load rate in multiple distribution trans-
former areas, this paper proposes a phase-split power decoupling unbalanced compensation strategy based
on a load balancing strategy for 3P4L-based M-LVDC. First, a split-phase power compensation strategy
based on QPR current direct control for 3P4L converters is proposed. By using the coordinated power control
of VSC, the unbalanced split-phase compensation power and power transfer between transformer areas are
calculated, transforming the split-phase power control problem into a current control problem. Simulation
results show that after the flexible interconnection of transformer areas based on M-LVDC:

(1)  After enabling split-phase power compensation is carried out by VSC2 in Transformer Area I, the
three-phase current unbalance problem at the head end is solved.

(2)  Byreasonably configuring the split-phase power compensation commands of VSC3, split-phase power
mutual support between Area I and Transformer Area II is realized, which solves the heavy load
problem in Area II and obtains a load balancing ability.

(3) Moreover, the control effect remains stable under load variation conditions, proving the effectiveness
of the proposed strategy.

In the future, the optimal selection of ratio # can be further studied by considering converter losses,
VSC access location selection, and other factors.
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