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ABSTRACT Owing to its modular construction, ability for bi-directional power flow and suitability for

AC/DC grids, solid-state transformer (SST) is expected to be the backbone of the future smart grids.

One of the main drawbacks of SST is the generation of negative-sequence current component at its input

stage under unbalanced distribution system which causes adverse impacts on the power quality of the

electricity grids. This paper is aimed at proposing a novel unbalance compensation method based on reduced

order generalized integrator to suppress the negative-sequence current. Unlike the conventional sequence

compensation method that is based on dual synchronous reference frames, the new proposed method does

not involve complex calculation of the command current and sequence decomposition. As such, the response

speed of the compensation controller is significantly improved. Additionally, the proposed method is easy

to implement when compared with the current conventional compensation technique as there is no need to

inject sequence components into the grid. A simulation model of three-module cascaded SST with three-

phase star connection is established in Matlab/Simulink. Several case studies are carried out under different

operating conditions. Simulation results validate the feasibility of the proposed method.

INDEX TERMS Solid-state transformer, negative-sequence current suppression, reduced order generalized

integrator, three-phase unbalance compensation.

I. INTRODUCTION

Solid-state transformer (SST) is commonly regarded as

a prototype of energy router, which is expected to have

broad applications in the future smart power grids [1], [2].

Unlike conventional power frequency magnetic transformer,

SST is a combination of power electronic converters and

medium- or high-frequency transformer, which can facili-

tate bi-directional power flow and is suitable for AC/DC

grids [3]. Moreover, besides the advantage of its reduced size

and weight, SST features several additional functionalities

including fault isolation and harmonic suppression [4].

In recent years, the application of SST in distribution

systems has gained increasing attention. The implementation

The associate editor coordinating the review of this manuscript and
approving it for publication was Sourabh Khandelwal.

of an SST with a simple two-level or three-level converter

into the distribution systems is not cost effective due to

the high rated voltage of the required power devices [5].

As such, adopting cascaded stages or multilevel converters

of cost-effective low-voltage power electronic devices has

been investigated in the literature [6]. Additionally, high-

voltage power devices based on wide bandgap materials such

as silicon carbide (SiC) IGBT that is capable of handling high

voltage up to 25 kV are under development and soon they

will be available for practical application [7]. Furthermore,

combination of modular topologies and high-voltage power

devices can acquire even higher voltage levels.

From topological point of view, the two most widely used

SST structures are the single-phase SST topology based on

cascaded H-bridge rectifiers [8] and the three-phase SST

topology based on modular multilevel converters (MMC) [9].
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The main difference of these two topologies is that the former

adopts cascaded H-bridge rectifiers while the latter employs

MMCs as the input stage. ComparedwithMMC-SST, the cas-

caded SST exhibits higher power density, employs simpler

control scheme and possesses better economic indicators

under the same requirements of insulation and heat dissipa-

tion [10]. Therefore, the cascaded topology is selected as the

research object in this paper.

Previous studies on SST have focused on aspects such as

circuit topology, power control, high-frequency transformer

design, utilization of wide bandgap power devices and SST

applications [11]–[14]. However, no much attention was paid

to the control strategy of SST under unbalanced operating

conditions. Unbalanced operating state of power distribution

systems often arises due to power system faults or asymmetric

loads. If an SST is employed in the power grid without unbal-

ance compensation, negative-sequence current will be gener-

ated and injected to the grid. Simultaneously, the negative-

sequence current will also lead to unbalanced voltage across

the DC capacitor in each phase of the SST, which affects the

performance of the SST and may damage its power electronic

devices. Therefore, it is necessary to adopt a reliable and

cost-effective compensation method for SST operating under

three-phase unbalanced condition.

The unbalance compensation of SST can be implemented

through developing suitable topology design or by adopt-

ing an improved control strategy. However, topology design

method will increase the complexity of the circuit and raise

the cost [15], [16]. In comparison, compensation method by

improved control strategy ismore practical and cost-effective.

Currently, a common compensation method based on zero-

sequence voltage injection is widely adopted [17], [18]. This

method requires the calculation of the zero-sequence com-

pensation voltage based on the deviation of the high volt-

age direct-current (HVDC) capacitor voltage. Hence, a pure

sinusoidal compensation voltage cannot be achieved which

results in a poor power quality. The narrow compensation

range of this method is another disadvantage. Another com-

pensation method based on the combination of zero- and

negative-sequence components injection is proposed in [19].

The basic principle of this method can be briefly interpreted

as follows: zero-sequence component is used under light

unbalanced condition whereas negative-sequence component

is used under severe condition. This method significantly

expands the compensation range of SST under unbalanced

load condition. However, the switching point of zero- and

negative-sequence components injection should be identified

precisely. Also, the injection of negative-sequence compo-

nent will pollute the distribution system.

For grid-connected inverters, a sequence decomposition

and compensation control strategy is presented in [20].

Positive- and negative-sequence current are controlled under

dual synchronous reference frames and both are regulated by

proportional integral (PI) controller. Although themethod can

effectively suppress negative-sequence current, the control

system is complex, and the time delay caused by sequence

decomposition is inevitable. To eliminate the time delay,

an improved compensation method based on reduced order

generalized integrator (ROGI) is proposed in [21]. This

method can acquire decent power quality under unbalanced

grid voltage, but still requires complicated command current

calculation according to the different control objectives.

To fill this research gap, this paper proposes a novel com-

pensation method for SST. The proposed technique avoides

the sequence decomposition and reference current calcu-

lation, and thus improves the dynamic response speed of

the compensation controller. The proposed control strategy

is realized by an auxiliary ROGI controller based on cur-

rent PI closed-loop control method. Adopting this method,

the positive- and negative-sequence currents can be con-

trolled simultaneously, which significantly reduces the com-

plexity of the control scheme.

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

interprets the basic principle of the proposed method.

Section III presents the unbalanced control scheme for cas-

caded SST. Section IV analyzes the unbalance compensation

ability of the proposed method. Section V presents the simu-

lation results and discussion. Section VI concludes the paper.

II. UNBALANCE COMPENSATION PRINCIPLE

A. TOPOLOGY AND MATHEMATICAL MODEL

A typical cascaded SST topology shown in Fig. 1 consists of

three parts: input stage, isolation stage, and output stage.

FIGURE 1. A typical three-phase cascaded SST topology.

108594 VOLUME 7, 2019



Z. Qu et al.: Novel Unbalance Compensation Method for Distribution SST

The input stage includes three star-connected single-phase

cascaded H-bridge rectifiers which are controlled by carrier

phase-shift modulation. The isolation stage is a plurality of

independent dual active bridge (DAB) converters. Each phase

of the output stage consists of three voltage source invert-

ers (VSI), and the output terminals of the VSIs are connected

in parallel to improve the power rating of SST. The output

stage can provide low-voltage alternating-current (LVAC)

interfaces for connection with three-phase AC loads.

As shown in Figure 1, there is no neutral line between the

power source and load. Therefore, there is no zero-sequence

current in the system.

When the grid voltage and three-phase load power are

unbalanced, the grid voltage can be expressed as:















































ea = Ep cos (ωt + ϕp) + En cos (ωt + ϕn)

+Ez cos (ωt + ϕz)

eb = Ep cos (ωt + ϕp −
2π

3
) + En cos (ωt + ϕn +

2π

3
)

+Ez cos (ωt + ϕz)

ec = Ep cos (ωt + ϕp +
2π

3
) + En cos (ωt + ϕn −

2π

3
)

+Ez cos (ωt + ϕz)

(1)

where ea, eb, ec are the three phase grid voltages; Ep, En,

Ez are the amplitudes of the positive-, negative- and zero-

sequence components of the grid voltage; ϕp, ϕn, ϕz are the

phase angles of the positive-, negative- and zero-sequence

components; ω is the angular frequency of the grid.

Under unbalanced condition, the grid current is composed

of positive- and negative-sequence components, which can be

expressed as:



















ia = Ip cos (ωt + θp) + In cos (ωt + θn)

ib = Ip cos (ωt + θp −
2π

3
) + In cos (ωt + θn +

2π

3
)

ic = Ip cos (ωt + θp +
2π

3
) + In cos (ωt + θn −

2π

3
)

(2)

where ia,ib, ic are the three-phase grid currents; Ip, In are the

amplitude of the positive- and negative-sequence currents; θp,

θn are the initial phase angles of the positive- and negative-

sequence currents.

The input current of the cascaded H-bridge rectifiers can

be expressed as:





ea
eb
ec



 −





ua
ub
uc



 = Ls
d

dt





ia
ib
ic



 +





Raia
Rbib
Rcic



 (3)

where Ls is the filter inductance at the grid side; Ra, Rb,

Rc represent the equivalent resistances of the input stage.

Normally, they are very small and can be neglected.

Applying the dqtransformation on (3) along with neglect-

ing the resistors, the equation in dq coordinate is derived as

follows:

[

ed
eq

]

−

[

uid
uiq

]

=







Ls
d

dt
−ωLs

ωLs Ls
d

dt






·

[

id
iq

]

(4)

where ed and eq are the d- and q-axis components of the grid

voltage; uid and uiq are the d- and q-axis components of the

converter ac-side voltage; and id and iq are the d- and q-axis

components of input current.

After decoupling control, the active and reactive current

controllers can be expressed as:

d

dt

[

id
iq

]

=
1

Ls
·

[

KP (i∗d − id) KI

∫

(i∗d − id)dt

KP (i∗q − iq) KI

∫

(i∗q − iq)dt

]

(5)

where KP is the proportional gain; KI is the integral gain; i
∗
d

and i∗q are the d- and q-axis components of command current.

When the system is unbalanced, the negative-sequence

component of the grid current will be composed of double

frequency component in dq coordinate, and the active and

reactive currents can be expressed as:
[

id
iq

]

=

[

i1d
i1q

]

+

[

I2d · ej(−2ω1t+ϕ0)

I2q · ej(−2ω1t+ϕ0)

]

(6)

where i1d and i1q are the DC components of the active and

reactive currents; I2d and I2q are the amplitudes of the active

and reactive parts of the negative-sequence double frequency

component; and ϕ0 is the initial phase angle of the negative-

sequence component.

It is not feasible to achieve non-error adjustment of the

negative-sequence double frequency component only by

the PI controller. Therefore, a compensation method based

on ROGI controller is proposed to suppress the negative-

sequence current.

B. UNBALANCE COMPENSATION PRINCIPLE

The ROGI controller is obtained by reducing the order of

the second order generalized integrator (SOGI) [21]. SOGI

can only achieve frequency selection, but ROGI is able to dis-

tinguish the polarities of frequencies. The transfer functions

of SOGI and ROGI are given in (7) and (8) respectively.

GSOGI (s) =
2krs

s2 + ω2
r

=
kr

s+ jωr
+

kr

s− jωr
(7)

GROGI (s) =
kr

s+ jωr
(8)

where kr represents the integral gain, and ωr represents the

resonant angular frequency.

SOGI can be regarded as a combination of two ROGIs

with positive- and negative-polarities of resonant frequencies.

SOGI has two conjugate poles of ± jωr, whereas ROGI has

only one pole of−jωr. The magnitude-frequency characteris-

tic curves of the two integrators are shown in Fig. 2 and Fig. 3,

respectively.

It can be seen from Fig. 2 and Fig. 3 that SOGI has infinite

gains at ±100Hz, whereas ROGI has an infinite gain at only

−100Hz. The gains of the two integrators at other frequencies
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FIGURE 2. Magnitude-frequency characteristic of SOGI.

FIGURE 3. Magnitude-frequency characteristic of ROGI.

are almost zero. Therefore, ROGI can be used to regulate

the negative-sequence double frequency component without

influencing the positive-sequence component.

The output voltage of ROGI can be expressed as:
[

U com
d

U com
q

]

= L
−1GROGI (s) ∗

[

i∗d − id
i∗q − iq

]

= −
kr

j2ω1
(1 − e−j2ω1t ) ·

[

i1d
i1q

]

−kr

[

I2d t · ej(−2ω1t+ϕ0)

I2qt · ej(−2ω1t+ϕ0)

]

(9)

where U com
d and U com

q represent the output compensa-

tion voltages of the controller; L −1 represents the inverse

Laplace transform; and ∗ represents the convolution operator.

The exponential function in the second term of (9) will

increase rapidly with the time and its value will be much

larger than the first term. Then (9) can be simplified as below.
[

U com
d

U com
q

]

= −kr

[

I2dt · ej(−2ω1t+ϕ0)

I2qt · ej(−2ω1t+ϕ0)

]

(10)

After positive-sequence decoupling control and negative-

sequence current suppression, the command voltages of the

input stage in dq coordinate can be expressed as:
[

U∗
d

U∗
q

]

=

[

Ed
Eq

]

−

[

UPI
d

UPI
q

]

− kr

[

I2d · ej(−2ω1t+ϕ0)

I2q · ej(−2ω1t+ϕ0)

]

(11)

where U∗
d and U∗

q are the d- and q-axis command voltages

of the input stage; UPI
d and UPI

q are the d- and q-axis output

voltages of the PI controller;

It can be seen from (11) that the command voltages of the

input stage are only composed of the fundamental positive-

and negative-sequence components. The positive-sequence

component is used to control the power flow of SST, and

the negative-sequence component is utilized to suppress the

negative-sequence grid current.

In distribution systems, the grid frequency is allowed to

have a fluctuation range of −2.5∼ +1.5Hz [22]. If used

without any frequency margin, the robustness of ROGI will

get poor as the grid frequency fluctuates. Therefore, it is

necessary to introduce a cutoff frequency to increase the gain

bandwidth range of the controller. Then the ROGI becomes

a reduced order quasi-resonant (ROQR) integrator with a

transfer function expressed as:

GROQR (s) =
krωc

s+ jωr + ωc
(12)

where ωc is the cutoff angular frequency (usually

5∼15 rad/s).

The closed-loop transfer function of the ROQR integrator

is expressed as

Gclose_ROQR (s) =
2krωc

(R+ sLs)(s+ jωr + ωc) + 2krωc
(13)

where R represents the equivalent resistance of the input

stage’s switching loss and is usually neglected.

By substituting s = jω into (13) and omitting the resistance

R, the transfer function can be derived as

Gclose_ROQR (s) =

2krωc

2krωc−ω2Ls−ωωrLs

1 + j ωωcLs
2krωc−ω2Ls−ωωrLs

(14)

Setting

∣

∣

∣

ωωcLs
2krωc−ω2Ls−ωωrLs

∣

∣

∣
= 1, the gain bandwidth (BW)

of the ROQR integrator can be obtained as

BW =
2krωc − ω2Ls − ωωrLs

2πLs
(15)

If the BW is too small, the controller will lack robustness

to adapt to the grid frequency fluctuation and the response

speed will be slow. On the other hand, if the BW is too

large, the frequency distinction of the controller will be

poor, which will affect the control precision. Therefore,

the BW should be set in a reasonable range, i.e., fmin ≤

BW ≤ fmax. In order to ensure the robustness of the con-

troller to adapt to the grid frequency fluctuation, fmin should

not be less than the maximum fluctuation range of the

grid frequency. In general, the fluctuation of the grid fre-

quency is usually within ±1.5 Hz, so fmin is set at 1.5 Hz.

In order to ensure the frequency distinction of the con-

troller, fmax should not be too large, usually set at 30 Hz.

Therefore, the range of the control parameter (kr) can be

derived as

2πLsfmin + ω (ω + ωr)Ls

2ωc
≤ kr ≤

2πLsfmax + ω (ω + ωr)Ls

2ωc

(16)
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FIGURE 4. Root locus diagram of the control system based on ROQR.

Since kr is closely related to the response speed, frequency

selectivity and robustness, its design should comprehensively

consider the above requirements.

The corresponding root locus diagram of the control sys-

tem based on ROQR is shown in Fig. 4. It can be seen that

when kr > 0, the root trajectory of the system is always on

the left side of the imaginary axis, i.e., all closed-loop poles of

the system have negative real parts. It denotes that the control

system is always stable as long as kr is designed in the range

given by (16).

III. CONTROL SCHEME FOR CASCADED SST

When the three-phase load is unbalanced, the three-phase

power flow is also uneven, which will result in a negative-

sequence component in the grid current. A compensation

method in [23] utilizes a three-phase four-leg inverter at the

output stage, but this method increases the complexity of the

topology and control scheme, and exhibits a poor compensa-

tion ability for unbalanced grid voltage. Whereas the control

strategy proposed in this paper can not only be fit in the

condition of unbalanced grid voltage and asymmetric loads,

but also provides decent power quality of AC andDC outputs.

The control schemes of SST are elaborated below.

A. CONTROL SCHEME OF INPUT STAGE

For the input stage of SST, there are three control objectives:

I) maintain the total HVDC voltage and realize the power

factor correction; II) achieve voltage equalization between

the sub-modules of each phase; III) suppress the negative-

sequence grid current. To achieve the above control objec-

tives, the input stage control block diagram proposed in this

paper is shown in Fig. 5.

The control scheme of the input stage consists of

three parts: decoupled control of positive-sequence current,

negative-sequence current suppression and phase internal

balancing control. The decoupled control of the positive-

sequence current component is aimed to acquire stable aver-

age HVDC voltage and unity power factor. A notch filter

with a frequency of 100Hz is utilized to extract the positive-

sequence current in the d- and q-axis. The negative-sequence

current suppression is achieved by embedding a ROGI con-

troller in the positive-sequence synchronous reference frame

FIGURE 5. Proposed control scheme of the SST input stage. (a) Decoupled
control of positive-sequence current and negative-sequence current
suppression. (b) Phase internal balancing control.

based on current decoupled control. Phase internal balancing

control is responsible for reducing the effects of switching

devices power losses and achieving balanced HVDC voltage

among each sub-module.

B. CONTROL SCHEME OF ISOLATION STAGE

The control objectives of the DAB converters in the iso-

lation stage are to keep the voltage of the low voltage

direct-current (LVDC) capacitors constant and realize bidi-

rectional power flow. The voltage closed-loop PI controller

is utilized to maintain the voltage of the LVDC capacitors,

and the single-phase-shift pulse width modulation (PWM)

is exploited to implement the bidirectional power flow by

controlling the phase shift angle between the primary and

secondary sides of each DAB converter. The proposed control

scheme of the isolation stage is shown in Fig. 6 in which each

DAB converter is controlled independently.

FIGURE 6. Control scheme of the isolation stage.
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FIGURE 7. Control scheme of the output stage.

C. CONTROL SCHEME OF OUTPUT STAGE

The control objectives of the VSIs in the output stage are to

provide constant output voltage and balanced current among

the parallel VSIs. The proposed control scheme of one phase

in the output stage is shown in Fig. 7; the control schemes

of the other two phases are exactly the same. In the proposed

controller, the outer voltage loop regulates the output voltage

and generates the current reference, while the inner current

loop tracks the same current reference to achieve current bal-

ancing control among the parallel VSIs. Quasi-proportional

resonant (PR) controllers are employed in the output stage

for its better performance in tracking AC signals. Since the

output voltage of each parallel VSI in one phase is identical,

the power of each VSI can be controlled by regulating the

current.

IV. ICOMPENSATION ABILITY ANALYSIS

According to the national standard in China, the voltage

fluctuation at the point of common coupling in distribution

systems should be less than 2%∼4% [24]. Simultaneously,

there are lots of asymmetric loads in distribution systems, and

the unbalance factor of loads may be more severe than the

grid voltage fluctuation. Therefore, the compensation ability

of the proposed control scheme for three-phase unbalanced

loads is emphatically analyzed in this section.

With the unbalance compensation, the three-phase grid

current is controlled and balanced. However, the voltage of

the HVDC capacitors will drift from their command value

due to the unbalanced load. If the unbalance factor is severely

high, it may result in distortion and potentially damaging

power devices by overvoltage. Hence, the stability margin of

the input stage is determined by the voltage of the HVDC

capacitors. In other words, the SST can’t operate stably unless

the voltage of each HVDC capacitor does not exceed the

maximum allowable value.

As the phase internal balancing controller is adopted,

the HVDC voltage of sub-modules in each phase is already

balanced. Therefore, the power devices will not be damaged

by the overvoltage as long as the average voltage of the

HVDC capacitors in each phase does not exceed the maxi-

mum permissible value.

For simplicity, this paper assumes that the power loss

among different phases and sub-modules are the same and

can be neglected. Therefore, the output power of each phase

is expressed as follows:










Udc_aIdc_a ≈ Pa

Udc_bIdc_b ≈ Pb

Udc_cIdc_c ≈ Pc

(17)

where Udc_a, Udc_b, Udc_c are the average voltages of the-

HVDC capacitors of each phase; Idc_a, Idc_b, Idc_c are the

rated root-mean-square values of the three-phase grid cur-

rents.

Once the grid current is balanced, i.e., Idc_a = Idc_b =

Idc_c = Idc, the output power of each phase is proportional to

the average HVDC capacitor voltage of each phase. Suppose

that the three-phase output power is expressed as follows:










Pa = ka · PLN

Pb = kb · PLN

Pc = kc · PLN

(ka > kb > kc ≥ 0) (18)

where PLN is the rated load power.

The unbalance factor of the three-phase load power is

calculated as:

1P% =
Pmax − Pmin

Pave
=

3(ka − kc)

ka + kb + kc
× 100% (19)

where Pmax is the maximum load power among the three

phases and Pave is the average load power of the three-phases.

To ensure that the average HVDC capacitor voltage

of each phase does not exceed the maximum permissible

value (Ulim), the limitation equation of the output power is

derived as follows:

max (Pa,Pb,Pc)

Idc
=
ka · PLN

Idc
≤ Ulim (20)

Substituting (18) and (19) into (20), the limitation equation

of the unbalance factor among the three-phase load is derived

as follows:

1P% ≤
3(Ulim · Idc − kc · PLN)

(kb + kc) · PLN + Ulim · Idc
(21)

Only the control objectives of the input stage are consid-

ered when analyzing the compensation ability of the SST

in most literatures. However, the control of the isolation

stage and input stage are not completely decoupled. When

the HVDC capacitors voltage is too low, the correspond-

ing LVDC capacitors voltage will be also too low to track

the command voltage. Therefore, the voltage of the HVDC

capacitors after unbalance compensation should not be less

than a pre-defined minimum voltage that can maintain the

LVDC capacitors voltage constant.

The relationship between the output power, input and

output voltage and phase-shift angle of DAB converters is

derived in [25], as given below:

Po =
nUdc_HUdc_Lϕ (π − ϕ)

2π2fsLk
(−

π

2
< ϕ <

π

2
) (22)

where n is the ratio of the high-frequency transformer; ϕ is the

phase-shift angle of the DAB converters; fs is the switching

108598 VOLUME 7, 2019
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TABLE 1. Simulation parameters of cascaded SST circuit.

frequency of the isolation stage and Lk is the leakage induc-

tance of the high-frequency transformer.

Ignoring the power losses of the VSIs, the output power of

the DAB converters in each phase will be equal to the rated

load power, i.e.:

N · Po = PLN = U2
dc_L

/

RL (23)

where N is the number of cascaded modules; RL represents

the equivalent resistance of the load.

Substituting (22) into (23), the relationship of the input and

output voltages of the DAB converters can be derived as:

Udc_H = Udc_L ·
2π2fsLk

nϕ (π − ϕ)NRL
(24)

One of the control objectives of the isolation stage is to

maintain the LVDC capacitors voltage constant. When ϕ is

equal to 0.5, the voltage of the LVDC capacitors reaches a

minimum value. The limitation equation of the output power

at this condition is derived as follows:

min (Pa,Pb,Pc)

Idc
=
kc · PLN

Idc
≥ Umin (25)

where Umin is the minimum allowable value of the voltage of

the LVDC capacitors.

Substituting (18) and (24) into (25), the limitation equation

of the three-phase unbalance factor is derived as follows:

1P% ≤
3(ka − fsLkIdc)

(ka + kb) · nNUdc_L + fsLkIdc
(26)

The compensation ability of the proposed control scheme

for unbalanced load can be obtained by (21) and (26). It can

also be concluded that when designing the HVDC capacitor,

the voltage margin should be considered to cope with the

three-phase unbalanced condition.

FIGURE 8. Simulation results of SST under ideal grid and balanced
load. (a) Three-phase grid-connected current. (b) Grid voltage and
current of phase-A. (c) LVDC capacitor voltage of the isolation stage.
(d) Three-phase load current of the output stage.

V. SIMULATION RESULTS AND DISCUSSION

To verify the effectiveness of the proposed ROGI-based

unbalance compensation method, a three-module cascaded

SST simulation model with a three-phase star connection as

shown in Fig. 1 has been built in MATLAB/Simulink. The

main parameters of the simulation model are listed in Table 1.

Simulation studies are carried out under three situations:

a) ideal grid and balanced load; b) unbalanced load; c) severe

grid voltage drop. Results of these case studies are presented

and discussed below.

A. IDEAL GRID AND BALANCED LOAD

In order to verify the output power quality and operation

stability of the SST with the proposed control scheme under
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FIGURE 9. Simulation results of SST under unbalanced load condition. (a) Three-phase load power of the output stage.
(b) Three-phase grid-connected current without compensation. (c) Three-phase grid-connected current with sequence
compensation based on dual synchronous reference frames. (d) Three-phase grid-connected current with the proposed
compensation method. (e) Grid voltage and current of phase-A after compensation. (f) Average voltage of the HVDC
capacitors. (g) Voltage of all sub-modules HVDC capacitors.

ideal grid and balanced load, the grid voltage and load power

for the three phases are assumed to be identical, i.e., 1:1:1.

Simulation results of this case study are shown in Fig. 8.

It can be seen from Fig. 8(a) that the three-phase grid-

connected current of the SST is symmetric under ideal grid

and balanced load condition, and the total harmonic distor-

tion (THD) of the current is only 1.17%. Taking one phase

as an example, Fig. 8(b) shows that the grid voltage and

current are in phase, which indicates that the SST operates at

unity power factor. Fig. 8(c) shows that the LVDC capacitor

voltage control performance is excellent. Fig. 8(d) shows

that the three-phase load current is balanced with a THD of

0.71% only.

The simulation results of case A indicate that the proposed

compensation scheme in this paper does not affect the power

quality and operation ability of the SST under ideal grid and

balanced load condition.

B. UNBALANCED LOAD CONDITION

In order to testify the compensation effects and response

speed of the proposed control scheme, the ratio of the three-

phase load power is changed from 1:1:1 to 1:0.8:0.5 at 0.45 s.

The simulation results of this case study are shown in Fig. 9.

Fig. 9(a) shows that the load power is becoming unbal-

anced at t = 0.45s as per the ratios specified above. It can

be seen from Fig. 9(b) that the grid-connected current is
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FIGURE 10. Simulation results of the SST under severe grid voltage drop
condition. (a) Three-phase grid voltage. (b) Three-phase grid-connected
current without compensation. (c) Three phase grid current with
compensation based on ROGI controller.

becoming asymmetric when the SST operates under unbal-

anced load condition without any compensation technique.

In this case, a negative-sequence current will be injected into

the power grid.

Fig. 9(c) and Fig. 9(d) depict the grid-connected current

of the SST with the conventional sequence compensation

based on dual synchronous reference frame and the proposed

method in this paper; respectively. While both compensation

techniques are successful in retaining the balance of the grid-

connected current, the ROGI-based unbalance compensation

control scheme shows a rapid response time. It can be seen

from Fig. 9(c) and Fig. 9(d) that the grid-connected currents

are compensated after 0.04 s when the ROGI-based compen-

sation scheme is adopted, whereas the response time is 0.15 s

when the sequence compensation is used. This indicates that

the proposed compensation scheme features better dynamic

performance than the traditional method.

Fig. 9(e) shows that the grid voltage and current are still

in phase after compensation, which indicates that the SST

is still operating at unity power factor condition during the

compensation process.

Fig. 9(f) presents the average voltage waveform of the

HVDC capacitors. It can be seen that the average voltage of

capacitors deviates from 4 kV for a while, but quickly returns

to the command value.

Fig. 9(g) illustrates the voltage waveforms of all sub-

modules HVDC capacitors. It can be seen that the HVDC

capacitors voltage of each phase is unbalanced after the com-

pensation process, but the highest voltage does not exceed

4.5kV. If the voltage margin is taken into consideration when

selecting power devices, the unbalance in case B is still within

the compensation capability of the proposed method.

In order to quantify the compensation effects intuitively,

the three-phase unbalance factor of current is introduced [26],

which is defined as follows:

1Is% =
ismax − ismin

is_ave
× 100% (27)

where ismax and ismin are the maximum and minimum peak

values of the three-phase grid currents, respectively; is_ave is

the average value of the three-phase current amplitudes.

A numerical comparison of the compensation effects based

on the conventional and proposed control schemes is pre-

sented in Table 2.

TABLE 2. Comparison of unbalance compensation effects based on
conventional and proposed control schemes.

It is obvious to conclude from the Table 2 that the ROGI-

based compensation scheme has better steady- and dynamic-

compensation performances than the conventional sequence

compensation. This attributed to the quarter cycle time delay

caused by the decomposition of positive- and negative-

sequence currents when the sequence compensation scheme

is adopted. Moreover, the complex coordinate transforma-

tion and command current calculation of the conventional

technique decrease the compensation precision. Conversely,

ROGI-based compensation scheme precludes the above pro-

cess, which definitely improves the response speed and per-

formance of the controller.

C. SEVERE GRID VOLTAGE DROP

In order to verify the robustness of the proposed technique

under grid significant voltage drop condition, ea is assumed

to experience a voltage drop of 30% at 0.45 s while the
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TABLE 3. The compensation effects of SST under severe grid voltage drop
condition.

three-phase load is balanced. The simulation results of this

case study are shown in Fig. 10.

Fig. 10(a) shows the 30% drop of phase-A voltage at

t = 0.45 s as specified above. Fig. 10(b) presents the grid-

connected current of the SST when the grid experiences a

voltage drop. Fig. 10(c) presents the gird-connected current

when the proposed compensation control scheme is adopted.

It can be seen from the Fig. 10(c) that the grid current is

retained balancing condition when the ROGI-based compen-

sation scheme is utilized. Thus, the grid current of a particular

phase will not be much larger than the other two phases and

the largest power device current will be lower than the case

without compensation.

The unbalance factor for this case study is calculated and

presented in Table 3.

According to the results in Fig. 10 and Table 3, it can

be concluded that the SST with the proposed ROGI-based

compensation scheme can not only deal with the unbalanced

load, but can also be equipped with the ability to withstand

voltage drop.

VI. CONCLUSION

In order to enhance the ability of cascaded SST to cope with

unbalanced conditions, this paper proposes a new ROGI-

based compensation control scheme, which can suppress

the negative-sequence current on the grid side by embed-

ding a ROGI on the basis of current PI closed-loop con-

trol method in positive synchronous reference frame. The

simulation results proved that: a) the proposed compensa-

tion scheme can effectively retain symmetrical grid currents

and suppress the negative-sequence current under unbal-

anced condition; b) the response speed and compensation

performance of the proposed technique are much better

than the conventional sequence compensation scheme; c) the

proposed compensation scheme does not affect the power

quality and operation performance of the SST under ideal

grid and balanced load condition; d) the SST with ROGI-

based control scheme has the ability to withstand severe

voltage drop.

Compared with the conventional compensation tech-

niques, the proposed method is cost effective and easy to

implement.
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