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Relationship Between Two Direct Power Control
Methods for PWM Rectifiers Under

Unbalanced Network
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Abstract—Active power control plays an important role in a
pulse width modulation (PWM) rectifier under both balanced and
unbalanced network conditions. The prior methods to achieve
active power oscillation cancellation (APOC) under unbalanced
grid voltages are usually implemented by forcing the grid current
to track appropriate current references. They require fine tuning
work of a current controller and positive-/negative-sequence
extraction of grid voltage/currents and/or converter voltage,
which complicates the design of the controller. This paper presents
two APOC methods in the frame of direct power control (DPC) for
the PWM rectifier and reveals their inherent relationship. In the
first method, an appropriate power compensation is added to the
original power references without modifying the internal control
structure. In the second method, a novel definition of reactive power
is employed to replace conventional reactive power, which achieves
the aim of APOC automatically. Both methods can be easily inte-
grated with existing DPC schemes with a slight modification. The
sequence extraction required in prior methods is eliminated. The
inherent relationship between these two methods is investigated,
and it is found that they are completely equivalent. The two APOC
methods are comparatively studied and implemented in the basic
table-based DPC. Simulation and experimental results confirm
the theoretical study and the effectiveness of the two methods.

Index Terms—Active power oscillation cancellation (APOC),
direct power control (DPC), network unbalance, novel reactive
power, pulse width modulation (PWM rectifier).

I. INTRODUCTION

THREE-PHASE pulse width modulation (PWM) rectifiers
have been widely used in industry applications owing to

their advantages of bidirectional power flow, sinusoidal currents,
controllable power factor, and good regulation ability of dc-link
voltage [1]–[4]. Generally, the main control strategies of the

Manuscript received January 28, 2016; revised May 15, 2016; accepted July
19, 2016. Date of publication July 21, 2016; date of current version February
2, 2017. This work was supported in part by the National Natural Science
Foundation of China under Grants 51577003 and 51207003, in part by the
Beijing Natural Science Foundation under Grant 3162012, and in part by the
Beijing Nova Program under Grant xx2013001. Recommended for publication
by Associate Editor T. Shimizu.

Y. Zhang is with the Inverter Technologies Engineering Research Center of
Beijing, North China University of Technology, Beijing, 100144, China, with
the Collaborative Innovation Center of Electric Vehicles in Beijing, and with
the Collaborative Innovation Center of Key Power Energy-Saving Technologies
in Beijing (e-mail: yozhang@ieee.org).

J. Gao and C. Qu are with the Inverter Technologies Engineering Research
Center of Beijing, North China University of Technology, Beijing, 100144,
China (e-mail: 275102641@qq.com; qcqdhr@sina.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2016.2593723

PWM rectifier are voltage-oriented control (VOC) [5] and direct
power control (DPC) [6]–[8] during normal network conditions.
In VOC, the input active and reactive powers are regulated indi-
rectly by decomposing the grid currents into active and reactive
power components and regulating them separately using linear
proportional-integral (PI) controllers [9]. Space-vector modula-
tion is employed in VOC to synthesize the reference rectifier
voltage vector. VOC guarantees high dynamics and steady-state
performance via internal current control loops. However, the
final configuration and performance of the VOC system largely
depends on the quality of the applied current control strategy
[10]. Another efficient control strategy is DPC, which is similar
to the one used in direct torque control [7], [11]–[15]. Differ-
ent with VOC, the strategy for DPC relies on the instantaneous
reactive power theory [16] and is based on the evaluation of
the active and reactive instantaneous power error values and the
voltage vector position without any internal control loop for the
currents. In DPC, there is no PWM modulator block; instead,
the desired voltage vector for active and reactive power reg-
ulation is directly selected from a predefined switching table.
As a result, DPC has a very quick dynamic response with a
simple structure.

These control techniques have a good performance with bal-
anced input voltages. However, the grid voltage in actual con-
ditions is often not ideal in a real power system; thus, the PWM
rectifier designed under ideal grid conditions could appear in
an abnormal operating state such as harmonics in the dc output
and odd harmonics in the input currents when the grid voltages
are unbalanced [17]. To maintain a constant dc-bus voltage, si-
nusoidal grid currents, and low fluctuations in the active and/or
reactive power, many scholars have carried out studies on PWM
rectifiers with distorted input voltages. Because VOC is a mature
system, many studies on unbalanced network conditions were
first carried out in a VOC frame. The authors in [18] first derived
the positive-sequence and negative-sequence current references
under the condition of constant active power; however, the con-
trol of the negative-sequence current is insufficient. In [19]–[21],
dual current control schemes have been used with a VOC strat-
egy. Two controllers are required: one for the positive-sequence
component and the other for the negative-sequence component.
Although these control methods in the VOC frame have a good
steady performance, the main problems are that these methods
will result in a slow transient response and rely heavily on the
fine tuning work of internal current controllers.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Topology of a two-level PWM rectifier.

Other studies have been carried out for unbalanced conditions
in the DPC frame. The authors in [22] obtained the power com-
pensation by decomposing the positive and negative sequences
of both the voltage and current components. However, this can
only achieve a single control target that eliminates the negative-
sequence current. The authors in [23] achieve different control
targets without the extraction of the negative-sequence current
components, but the stator and rotor currents contain too many
harmonics. The power compensation block was simplified in
[24] by eliminating the extraction of the negative-sequence cur-
rent. Unfortunately, it is still necessary to extract the negative-
sequence grid voltages and positive-sequence grid currents to
achieve appropriate power compensation.

With the extensive research in PWM rectifiers for unbalanced
conditions, a novel definition for the reactive power is proposed
that is more suitable than the traditional definition for an un-
balanced system [4], [25]–[27]. The authors in [27] use this
novel reactive power and obtain good performance; however,
the sequential component must also be extracted. The authors in
[28] use the novel reactive power and do not require the extrac-
tion of any sequence components to obtain a current reference
in a stationary frame, but proportional resonance controllers
are required to regulate the current. Recently, the novel reactive
power has been applied in table-based DPC and achieves APOC
automatically with very simple structure [6].

Since APOC can be achieved by various control methods,
it is interesting to investigate whether these methods with the
same control target have also the same performance, especially
for the methods using conventional power theory and novel
reactive power definition, which requires a comparative study.
Furthermore, the inherent relationship among them should be
revealed, which helps to understand the usefulness of the novel
reactive power and may stimulate more efficient control methods
with lower complexity and higher performance. This is one of
the main motivations of this paper.

For simplicity, this paper takes the simple table-based DPC
as an example and presents two APOC methods based on table-
based DPC. The first APOC method is an improved version
of [24] by eliminating the sequence extraction of both grid
voltages and currents. As a result, the control complexity is
much reduced while achieving the same target. Different from
the first method, which uses the conventional reactive power and
power compensation technique, the second one uses the novel
reactive power without any power compensation technique [6].
Hence, it is much simpler in the structure. In fact, the control
structure of the second method is the same as conventional DPC,
except that the reactive power is replaced by the new reactive

power. Furthermore, the inherent relationship between these
two kinds of methods is investigated by studying the underlying
mechanism in them using strict mathematical tools. To clearly
show the relationship between these two methods, the same
switching table is used. The effectiveness of the two methods
and their inherent relationship are confirmed by the presented
simulation and experimental results.

II. MODEL OF THE PWM RECTIFIER UNDER

UNBALANCED NETWORK

The circuit of a three-phase PWM rectifier is shown in Fig. 1.
By using the three-phase to two-phase transformation

xαβ =
2
3
(xa + αxb + α2xc) (1)

where xa,b,c, is the variable in three-phase frame and α = ej 2
3 π ,

the mathematical model of the PWM rectifier in the two-phase
stationary αβ frame is expressed as [2]

eαβ = Riαβ + L
diαβ

dt
+ vαβ (2)

where vαβ , eαβ , and iαβ are the rectifier voltage vector, grid
voltage vector, and grid current vector, respectively; R and L
are the equivalent series resistance and inductance of grid filter,
respectively.

The complex power S on the grid side can be calculated from
the instantaneous theory as [16]

S =
3
2

(
i∗αβ eαβ

)
= P + jQ (3)

where “∗” denotes the conjugate of complex vector.
Under unbalanced network conditions, the grid voltages and

currents can be expressed as [19]

eαβ = e+
dq e

jωt + e−
dq e

−jω t (4)

iαβ = i+
dq e

jωt + i−dq e
−jω t (5)

where e+
dq = e+

d + je+
q , e−

dq = e−d + je−q , i+
dq = i+d + ji+q , and

i−dq = i−d + ji−q . Throughout this paper, it is assumed that ω =
2πf = 314.

The delayed value of unbalanced grid voltage e
′
αβ can be

expressed as

e
′
αβ = e+

dq e
j (ωt− π

2 ) + e−
dq e

−j (ωt− π
2 )

= −je+
dq e

jωt + je−
dq e

−jω t = −je+
αβ + je−

αβ . (6)

The instantaneous input powers P and Q under unbalanced
grid conditions can be expressed as [19]

{
P = P0 + Pc2 cos(2ωt) + Ps2 sin(2ωt)
Q = Q0 + Qc2 cos(2ωt) + Qs2 sin(2ωt) (7)
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where
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P0 =
3
2
(i+

dq � e+
dq + i−dq � e−

dq )

Pc2 =
3
2
(i−dq � e+

dq + i+
dq � e−

dq )

Ps2 =
3
2
(i+

dq ⊗ e−
dq − i−dq ⊗ e+

dq )

Q0 =
3
2
(i+

dq ⊗ e+
dq + i−dq ⊗ e−

dq )

Qc2 =
3
2
(i+

dq ⊗ e−
dq + i−dq ⊗ e+

dq )

Qs2 =
3
2
(−i+

dq � e−
dq + i−dq � e+

dq ).

(8)

III. PRINCIPLE OF APOC

A. Method I

In this paper, the control aim is to obtain sinusoidal grid
current and average unity power factor while eliminating the
oscillations in the active power. Therefore, the specific control
aim can be expressed in the following equations:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

P0 =
3
2
(i+

dq � e+
dq + i−dq � e−

dq ) = P ref

Q0 =
3
2
(i+

dq ⊗ e+
dq + i−dq ⊗ e−

dq ) = 0

Pc2 =
3
2
(i−dq � e+

dq + i+
dq � e−

dq ) = 0

Ps2 =
3
2
(i+

dq ⊗ e−
dq − i−dq ⊗ e+

dq ) = 0.

(9)

To simplify the calculation process, in this paper, both orig-
inal grid voltage vector eαβ and its delay value e

′
αβ would

be used instead of the positive-sequence and negative-sequence
grid voltage vector. From (4) and (6), we can obtain the positive-
sequence and negative-sequence grid voltage vector in their re-
spective synchronous frame as

[
e+

dq

e−
dq

]

=
1
2

[
e−jω t je−jω t

ejωt −jejωt

][
eαβ

e
′
αβ

]

. (10)

Similarly, the positive-sequence and negative-sequence cur-
rent vector in their respective synchronous frame can be obtained
as

[
i+
dq

i−dq

]

=
1
2

[
e−jω t je−jω t

ejωt −jejωt

][
iαβ

i
′
αβ

]

(11)

where i
′
αβ denotes the quadrature current lagging iαβ by 90

electrical degrees.
According to (8), (10), and (11), the equations in (9) can be

expressed by the grid voltages/currents and their delayed value
in stationary frame as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

P0 =
3
4
(iαβ � eαβ + i

′
αβ � e

′
αβ )

Q0 =
3
4
(iαβ ⊗ eαβ + i

′
αβ ⊗ e

′
αβ )

Pc2 =
3
4
(k1 cos(2ωt) + k2 sin(2ωt))

Ps2 =
3
4
(−k2 cos(2ωt) + k1 sin(2ωt))

(12)

Fig. 2. Control diagram of the APOC method I for the PWM rectifier under
unbalanced network conditions.

where
{

k1 = iαβ � eαβ − i
′
αβ � e

′
αβ

k2 = iαβ � e
′
αβ + i

′
αβ � eαβ .

(13)

Solving (12) is equivalent to solving the following equations:
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

P0 =
3
4
(iαβ � eαβ + i

′
αβ � e

′
αβ ) = P ref

Q0 =
3
4
(iαβ ⊗ eαβ + i

′
αβ ⊗ e

′
αβ ) = 0

k1 = iαβ � eαβ − i
′
αβ � e

′
αβ = 0

k2 = iαβ � e
′
αβ + i

′
αβ � eαβ = 0.

(14)

From (14), the final current reference vector is calculated as

iref
αβ = j

− 2
3 P refe

′
αβ

eαβ ⊗ e
′
αβ

. (15)

Finally, the new power reference under unbalanced network
conditions can be obtained as

Sref
new =

3
2
iref∗
αβ eαβ . (16)

Thus, the power compensation is

Scomp = Sref
new − Sref = j

eαβ � e
′
αβ

eαβ ⊗ e
′
αβ

P ref (17)

where Sref is the traditional power reference. Generally, the
reactive power reference is zero to maintain a unity power factor.

The control diagram of the method I is illustrated in Fig. 2,
where the power compensation calculation (in the dashed block)
is implemented in the outer loop and can be easily integrated into
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TABLE I
SWITCHING TABLE IN DPC UNDER UNBALANCED NETWORK CONDITION

dP dQ select vector

↑ ↑ V0 , 7

↑ ↓ Vk −1

↓ ↑ Vk + 1

↓ ↓ Vk

conventional DPC. The power compensation is much simpler
than that introduced in [24] by using eαβ and e

′
αβ only. On

the contrary, both negative-sequence grid voltages and positive-
sequence grid currents are required when calculating the power
compensation in [24]. The switching table in Fig. 2 is shown in
Table I, where k is the sector number and it is cycling counted.
This table is reported to have better steady-state performance
than other kinds of switching tables [29].

B. Method II

The principle of method II has been well introduced in [6]
and it is briefly revisited in this paper. The novel definition of
the reactive power is expressed as [25], [27]

Qnov =
3
2

Re
(
i∗αβ e

′
αβ

)
(18)

where e
′
αβ denotes the variable that lags eαβ by 90 electrical

degrees.
The differentiation of grid voltage eαβ and its delayed value

e
′
αβ can be obtained from (4) and (6) as

deαβ

dt
= jωe+

αβ − jωe−
αβ = − ωe

′
αβ (19)

de
′
αβ

dt
= ωe+

αβ + ωe−
αβ = ωeαβ . (20)

The differentiation of grid current can be obtained from (2)
as

diαβ

dt
=

1
L

(eαβ − vαβ − Riαβ ) . (21)

According to (3), (19), and (21), the derivative of active power
can be obtained as

dP

dt
=

3
2L

[
|eαβ |2 − Re

(
v∗

αβ eαβ

)] − R

L
P − ωQnov. (22)

Similarly, the differentiation of the novel reactive power can
be obtained from (18), (20), and (21) as

dQnov

dt
=

3
2L

Re
[(

e∗
αβ − v∗

αβ

)
e

′
αβ

]
− R

L
Qnov + ωP. (23)

The instantaneous active and reactive powers can be con-
trolled by selecting the proper rectifier voltage vector. Therefore,
it is necessary to investigate the influence of each rectifier volt-
age vector on both the instantaneous active and reactive powers.
In the following analysis, the influences of various voltage vec-
tors in all sectors are plotted to obtain the appropriate switching
table for simultaneous control of both active and reactive powers
during network unbalance.

Fig. 3. Slopes of the active/reactive power for various rectifier voltage vec-
tors under unbalanced network conditions using the novel reactive definition
(assuming P = 900 W and Q = 0 Var).

TABLE II.
VECTOR SELECTION TABLE FOR DPC UNDER UNBALANCED NETWORK

dP dQ select vectors

↑ ↑ V0 , V7 , Vk + 2 , Vk + 3

↑ ↓ Vk −1 , Vk −2

↓ ↑ Vk + 1

↓ ↓ Vk

According to (22) and (23), the slopes of the active power and
the new reactive power versus the grid voltage position for var-
ious converter voltage vectors can be calculated. The converter
voltage vectors can be expressed as v = 0 for zero vectors and
v = 2

3 Udce
j π

3 (n−1) (n = 1, 2, ..., 6) for nonzero vectors, where
Udc is the dc-link voltage. By substituting the converter voltage
vector into (22) and (23), the power slopes for various converter
voltage vectors can be obtained and are illustrated in Fig. 3.
The parameters used to calculate the power slopes of (22) and
(23) are: P = 900 W, Qnov = 0 Var, R = 0.3 Ω, L = 10 mH,
ω = 2π × 50 = 314 rad/s, and Udc = 300 V. The amplitude of
positive-sequence voltage vector is |e+ | = 150 ×√

2/3 = 122
V and the amplitude of the negative-sequence voltage vector
is assumed to be 10% of positive-sequence voltage vector, i.e.,
|e−| = 0.1 |e+ |. Considering that a typical steady-state voltage
imbalance is no more than 3% in grid [30], the assumption of a
10% voltage imbalance in this paper is more rigorous. The ini-
tial phase angles of the positive and negative-sequence voltage
vectors are ϕ1 = 0 and ϕ2 = π

6 , respectively.
Suppose that the grid voltage vector e is located in the first

sector (0–60◦). It can be observed from Fig. 3 that there are
three vectors increasing both P and Qnov (V 0,7 , V 3 , and V 4)
and two vectors (V 5 and V 6) increasing P and decreasing Qnov,
but only one vector when decreasing P (V 2 for increasing Qnov

and V 1 for decreasing Qnov). The influence of the converter
voltage vectors on power slopes in other sectors can be ana-
lyzed in a similar way. By summarizing the results in Fig. 3,
the switching table presented in Table II can be constructed to
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Fig. 4. Control diagram of the APOC method II for PWM rectifier under
unbalanced network conditions.

suitably achieves simultaneous control of both P and Qnov. In
this paper, the same switching table as Table I out of the several
possible switching tables in Table II is employed, and the con-
trol diagram of the novel DPC is illustrated in Fig. 4. We can
see that method II has the same structure as conventional DPC
except that the reactive power is expressed in the form of (18).

C. Relationship Between the Two Methods

In this section, the inherent relationship between the two
methods is investigated. In a similar way to (7), the novel reactive
power Qnov under unbalanced network can be expressed as

Qnov =
3
2

Re
(
i∗e

′
)

=
3
2

[(
i+
dq e

jωt + i−dq e
−jω t

)∗(
−je+

dq e
jωt + je−

dq e
−jω t

)]

= Qnov
0 +Qnov

c2 cos(2ωt)+Qnov
s2 sin(2ωt) (24)

where
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Qnov
0 =

3
2
(i+

dq ⊗ e+
dq − i−dq ⊗ e−

dq )

Qnov
c2 =

3
2
(−i+

dq ⊗ e−
dq + i−dq ⊗ e+

dq )

Qnov
s2 =

3
2
(i+

dq � e−
dq + i−dq � e+

dq ).

(25)

Substituting (10) and (11) into (25), the gains are now ex-
pressed by the variables in the stationary frame and their delayed
values as

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Qnov
0 =

3
4
(iαβ � e

′
αβ − i

′
αβ � eαβ )

Qnov
c2 =

3
4
(k2 cos(2ωt) − k1 sin(2ωt))

Qnov
s2 =

3
4
(k1 cos(2ωt) + k2 sin(2ωt))

(26)

where
{

k1 = iαβ � eαβ − i
′
αβ � e

′
αβ

k2 = iαβ � e
′
αβ + i

′
αβ � eαβ .

(27)

In method II, the control aim is to track the reference value of
active power P ref and novel reactive power Qnov,ref, which can
be expressed by the following equations:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P0 =
3
4
(iαβ � eαβ + i

′
αβ � e

′
αβ ) = P ref

Qnov
0 =

3
4
(iαβ � e

′
αβ − i

′
αβ � eαβ ) = 0

Pc2 =
3
4
(k1 cos(2ωt) + k2 sin(2ωt)) = 0

Ps2 =
3
4
(−k2 cos(2ωt) + k1 sin(2ωt)) = 0

Qnov
c2 =

3
4
(k2 cos(2ωt) − k1 sin(2ωt)) = 0

Qnov
s2 =

3
4
(k1 cos(2ωt) + k2 sin(2ωt)) = 0.

(28)

Solving (28) is equivalent to solving the following equations:
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

P0 =
3
4
(iαβ � eαβ + i

′
αβ � e

′
αβ ) = P ref

Qnov
0 =

3
4
(iαβ � e

′
αβ − i

′
αβ � eαβ ) = 0

k1 = iαβ � eαβ − i
′
αβ � e

′
αβ = 0

k2 = iαβ � e
′
αβ + i

′
αβ � eαβ = 0.

(29)

After further calculation, the current references satisfying
(29) can be obtained as

iref
αβ ,nov = j

− 2
3 P refe

′
αβ

eαβ ⊗ e
′
αβ

(30)

which is exactly the same as the current reference in (15) of
method I. This means that method II is equivalent to method I,
because they have the same current reference in essence.

The corresponding new power references satisfying (29) un-
der unbalanced grid voltage conditions are

P ref
nov =

3
2
(iref

αβ ,nov � eαβ )

= − P ref

eαβ ⊗ e
′
αβ

(e
′
αβ ⊗ eαβ ) = P ref (31)

Qref
nov =

3
2
(iref

αβ ,nov � e
′
αβ )

= − P ref

eαβ ⊗ e
′
αβ

(e
′
αβ ⊗ e

′
αβ ) = 0 (32)

which are exactly the same as the original power reference in
conventional DPC. This means that by using the novel reactive
power in method II, it is not necessary to modify the power
references by adding a power compensation block, as shown in
method I. Hence, method II is much simpler in principle and
easier to implement.

The inherent equivalence between the two methods can be
further explained as follows. In DPC, the voltage vector is se-
lected according to the value of dP , dQ, and the sector. The two
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TABLE III
SYSTEM AND CONTROL PARAMETERS

system parameters

AC line voltage 150 V
Line resistance 0.3 Ω
Load resistance 97 Ω
Frequency 50 Hz
AC-side inductance 10 mH
DC-bus capacitors 840 μF
DC-bus voltage 300 V
Sampling Frequency 20 kHz

methods use the same vector table; thus, in the same sector, the
voltage vector selection is only dependent on the signs of dP
and dQ, where

{
dP = P ref − P
dQ = Qref − Q.

(33)

In method I, we have
{

dP I = P ref + 0 − P
dQI = 0 + Qcomp − Q.

(34)

In method II, we have
{

dP II = P ref − P
dQII = 0 − Qnov.

(35)

From (34) and (35), it is easily observed that dP I = dP II .
For the reactive power change, by substituting (3) and (17) into
(34) and replacing P ref with its actual value P , we can obtain
that

dQI =
eαβ � e

′
αβ

eαβ ⊗ e
′
αβ

P − Q

=
eαβ � e

′
αβ

eαβ ⊗ e
′
αβ

· 3
2

(iαβ � eαβ ) − 3
2

(iαβ ⊗ eαβ )

= k · 3
2

(
iαβ � e

′
αβ

)
= k · Qnov (36)

where k = |eαβ |2/
(
eαβ ⊗ e

′
αβ

)
= 1/ sin θ (−π < θ < 0) is

negative and θ is the angle between e
′
αβ and eαβ . According to

(35) and (36), it is clear that dQI and dQII have the same signs.
In summary, the signs of dP and dQ in methods I and II are

exactly the same. Hence, they should select the same voltage
vector in the same sector by using the same switching table.
Therefore, it can be concluded that method II using the novel
reactive power definition is equivalent to the method I using the
power compensation technique. This will be further confirmed
by the following simulation and experimental results.

IV. SIMULATION RESULTS

To confirm the effectiveness of the two APOC methods and
their inherent relationship, simulations have been carried out in
MATLAB/Simulink. The system and control parameters are
listed in Table III. Fig. 5 shows the simulation results for
both methods when the grid voltages become unbalanced at

Fig. 5. Simulated steady-state responses when the grid voltages change from
the ideal conditions to the unbalanced conditions. (a) Method I. (b) Method II.

t = 0.05 s. The curves from top to bottom are as follows: active
power, traditional reactive power, novel reactive power, three-
phase grid voltages, and three-phase grid currents. From Fig. 5,
it is clear that the two methods have a similar performance.
Furthermore, the total harmonic distortion (THD) of the grid
current of the two methods is 6.38%.

To further demonstrate the equivalence of the two methods,
a simulation of the vector selection under the same condition as
Fig. 5 is carried out for the two methods, as shown in Fig. 6. Here,
again, the grid voltage is disturbed at t = 0.05 s. The curves from
top to bottom are as follows: the differences between the vector
of two methods, vector selection of methods I and II. From
Fig. 6, it is clear that the two methods select the same vector
at all times, which is in accordance to the theoretical study in
Section III-C.

V. EXPERIMENTAL TESTS

Apart from the simulation study, experimental tests have also
been carried out to validate the effectiveness of the two APOC
methods and their inherent relationship. The experimental setup
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Fig. 6. Simulated vector selection for the two methods.

is the same as that in [6]. For the aim of comparison, the results
obtained from conventional DPC using Table I are also presented
under ideal and unbalanced grid voltage conditions. These meth-
ods are implemented on a 32-bit floating DSP (TMS320F28335)
and the sampling period is 50 μs. The system and control
parameters are the same as those listed in Table III.

A. Steady-State Performance

First, the experimental tests for the conventional DPC, APOC
method I, and APOC method II are presented in Fig. 7, where the
grid voltages are first sinusoidal and balanced and then become
unbalanced due to one-phase dip. The active power reference is
1000 W, and the reactive power reference is 0 Var to achieve a
unity power factor operation. From top to bottom, the curves in
Fig. 7 are the active power, traditional reactive power, one-phase
grid voltage, and one-phase grid current. It is clearly observed
that, under ideal grid voltage conditions, both APOC method
I and method II have very similar steady-state performance to
conventional DPC, where the grid current is sinusoidal and con-
stant active power and reactive power are achieved. This proves
that the APOC methods work well under ideal grid voltage
conditions.

However, when the grid voltage become unbalanced, the grid
current of conventional DPC is highly distorted. On the contrary,
both the APOC method I and method II still present constant
active power and maintain sinusoidal grid current, except that
the reactive power is now oscillating at twice grid frequency.
The results of the both methods are very similar to each other.

Fig. 8 further presents the experimental results obtained un-
der the same condition as Fig. 7, except that the second channel
is now the novel reactive power. It is clearly seen that, in method
II, constant active power and novel reactive power are achieved
while obtaining sinusoidal grid current, even if the grid voltages
are unbalanced. In other words, method II can work effectively
under both ideal and unbalanced grid voltage conditions with-
out modifying the control structure. Method I can achieve the
same targets, however, with the help of power compensation

Fig. 7. Experimental waveform of active power, conventional reactive power,
one-phase grid voltage, and one-phase grid current when the grid voltages
change from the ideal conditions to the unbalanced conditions. (a) Conventional
DPC. (b) APOC method I. (c) APOC method II.

technique. It should be noted that in conventional DPC, the
novel reactive power is now oscillating at twice grid frequency.
The results are in accordance to the simulation results in Fig. 5,
validating the theoretical study in Section III.

Under unbalanced grid voltage conditions, the distorted grid
current can be improved immediately when the power compen-
sation is added to the original power reference or the feedback
reactive power is replaced by the novel reactive power, as shown
in Fig. 9. The results obtained under the same testing condition
as Fig. 9 are illustrated in Fig. 10, where the second curve is
the novel reactive power rather than the conventional reactive
power in Fig. 9. It is clear that the two methods can both achieve
constant active power and novel reactive power while reducing
the current harmonics, irrespective of the grid voltage condition.

Fig. 11 further presents the harmonic spectrum of the grid cur-
rent at P = 1000 W and Q = 0 Var for the conventional DPC
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Fig. 8. Experimental waveform of active power, novel reactive power, one-
phase grid voltage, and one-phase grid current when the grid voltages change
from the ideal conditions to the unbalanced conditions. (a) Conventional DPC.
(b) APOC method I. (c) APOC method II.

and APOC methods I and II. It can be observed that, when the
grid voltages are unbalanced, the current harmonic distortion is
as high as 8.56% in conventional DPC, which is mainly caused
by the low-order harmonics, especially the third harmonics. On
the contrary, the current is still sinusoidal in both APOC methods
under unbalanced network and they present much lower current
THD of 4.70% and 4.74%, which are similar to each other. In
fact, in both APOC methods, the grid current is assumed to
be sinusoidal, because only positives-sequence and negative-
sequence current are allowed to exist when deriving the prin-
ciple in Section III. Hence, both APOC methods should obtain
sinusoidal (and unbalanced) grid currents to achieve constant
active power under unbalanced network. However, in practical
tests, due to the accuracy of AD sensor, influence of deadtime,
and other unmodeled factors, the current harmonics cannot be
totally eliminated. Nevertheless, the results prove that the pro-
posed APOC methods are effective in reducing current harmon-
ics while eliminating the oscillation in the active power.

Fig. 9. Experimental waveform of active power, reactive power, one-phase
grid voltage, and one-phase grid current under unbalanced network conditions
when changing from the conventional DPC to (a) APOC method I and (b) APOC
method II.

Fig. 10. Experimental waveform of active power, novel reactive power, one-
phase grid voltage, and one-phase grid current under unbalanced network con-
ditions when changing from the conventional DPC to (a) APOC method I and
(b) APOC method II (L = 10 mH).
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Fig. 11. Harmonic spectrum of the grid current at P = 1000 W and Q = 0
Var for (a) conventional DPC, (b) APOC method I, and (c) APOC method II.

B. Dynamic Response

Apart from the steady-state performance comparison of both
APOC methods, Fig. 12 further presents the dynamic response to
stepped change in the active power reference under unbalanced
network, where the active power reference steps from 600 to
1000 W suddenly. It is clearly seen that during the dynamic
process, the novel reactive power is constant, and decoupled

Fig. 12. Dynamic responses to stepped change in the active power reference
under unbalanced network. (a) APOC method I. (b) APOC method II.

control of active power and reactive power is achieved. Both
APOC methods I and II achieve very similar dynamic responses
to each other. The results confirm their equivalence and effec-
tiveness even in the dynamic process under unbalanced network.

C. Influence of Inductance

According to the principle introduced in Section III, the value
of inductance is not used in both APOC methods. Hence, the
stability of the proposed APOC method should not be affected
by the inductance. Fig. 13 shows the results obtained under the
same condition as Fig. 10 except that the inductance is reduced
from 10 to 7 mH. It is seen that similar results to Fig. 10 are
obtained. As the line inductance is reduced, the power ripples
in Fig. 13 are increased compared to Fig. 10. However, the
system is still stable and works well under unbalanced network
by exhibiting sinusoidal grid current and constant active power
and novel reactive power when APOC methods are enabled.

D. DC-Link Voltage Regulation

The above results are obtained under the condition of open-
loop dc voltage control, where the power references are directly
given. This paper also tests the performance of each method
under the condition of closed-loop dc voltage control, where
the PI gains are obtained following the principle introduced in
[5]. The inductance is reduced from 10 to 7 mH to verify the
effectiveness of the proposed APOC methods under unbalanced
network. As shown in Fig. 14, the dc-link voltage reference steps
from 280 to 320 V. From top to bottom, the curves shown in
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Fig. 13. Experimental waveform of active power, novel reactive power, one-
phase grid voltage, and one-phase grid current under unbalanced network con-
ditions when changing from the conventional DPC to (a) APOC method I and
(b) APOC method II (L = 7 mH).

Fig. 14 are dc-link voltage, active power, novel reactive power,
and one-phase grid current. It is seen that the active power
increases linearly with the increase of dc-link voltage. At the
same time, the novel reactive power is kept at zero to achieve
unity power factor. For conventional DPC, the novel reactive
power is oscillating at twice grid frequency and the grid current
is highly distorted. On the contrary, the novel reactive power in
both APOC methods I and II is constant and the grid current
is still sinusoidal in shape, even in the dynamic process of dc-
link voltage changes. The results confirm the effectiveness of
the proposed APOC methods under unbalanced network and
variable dc-link voltage.

E. Comparisons

From all of the experimental results, it is clearly demon-
strated that the two APOC methods have similar performance
to each other due to their inherent equivalence. However, they
have some noticeable difference in principle. The first method
is based on conventional power theory and it requires an ad-
ditional power compensation block. The calculation of power
compensation is much simpler than the principle introduced in
[24] by eliminating the sequence decomposition of grid voltages
and currents. The second method is even simpler than the first
method by simply replacing the conventional reactive power
with the novel reactive power definition. The control structure
remains the same as conventional table-based DPC and it does
not require any power compensation technique. Hence, the prin-
ciple of the second method is much simpler and it is easy to use
in practical applications.

Fig. 14. Experimental waveform of dc-link voltage, active power, novel re-
active power, and one-phase grid current under unbalanced network condition
when the dc-link voltage reference steps from 280 to 320 V (L = 7 mH).
(a) Conventional DPC. (b) APOC method I. (c) APOC method II.

VI. CONCLUSION

This paper presents two kinds of APOC methods for DPC un-
der the condition of unbalanced network conditions and, what is
more, reveals their inherent relationship. Both of them do not re-
quire the extraction of positive-/negative-sequence decomposi-
tion of grid voltages, rectifier voltages, and grid currents. Hence,
they can be easily incorporated into the existing DPC strate-
gies, such as the basic table-based DPC in this paper. The first
method modifies the original power references by adding ap-
propriate power compensations. The second one uses the same
structure as the basic DPC, except that the reactive power is
replaced by a novel reactive power definition. Both methods
can achieve constant active power and sinusoidal grid currents,
even under the condition of unbalanced grid voltages. Further-
more, it is found that the two methods are inherent equivalent
because they produce the same signs of power changes when
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selecting the voltage vector from a predefined switching table.
The principles of the two methods are explained in detail, and
their effectiveness and inherent equivalence are validated by the
simulation and experimental results.
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