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An Improved Low-Complexity Model Predictive
Direct Power Control With Reduced Power Ripples

Under Unbalanced Grid Conditions
Xiaohong Ran , Member, IEEE, Bo Xu , Kaipei Liu , and Jiahao Zhang

Abstract—This article proposes an improved low-complexity
model predictive direct power control (LC-MPDPC) along with re-
duced power ripples. Different from those MPDPC methods under
balanced grid voltage conditions, both the design and implication
of MPDPC under unbalanced grid conditions are further studied.
In the proposed MPDPC, to reduce the computational burden of
the controller, an improved LC-MPDPC based on the extended
reactive pq theory is proposed. Only one prediction is needed to
select the next voltage vector. Besides, the defined cost function
under balanced grid conditions cannot obtain the minimized value
if the unbalanced grid conditions occur. Accordingly, a new power
error is defined, which is described analytically in the optimal
model. With the proposed LC-MPDPC, a negative conjugate of
the new defined complex power is selected as the control variable,
and an improved modulation for the LC-MPDPC is presented to
ensure the best voltage and calculate the optimal duration under
unbalanced grid conditions. Compared with prior MPDPC, the
proposed LC-MPDPC obtains much lower power ripples and grid
current total harmonic distortion, and further, it offers a fast
dynamic response and robustness. The effectiveness of the proposed
LC-MPDPC is evaluated and validated by the experimental results.

Index Terms—Extended reactive pq power theory, low-
complexity model predictive direct power control (LC-MPDPC),
unbalanced grid conditions.

I. INTRODUCTION

S IGNIFICANT merits of three-phase pulsewidth modulation
(PWM) rectifier including high power factor, bidirectional

power flow, and low input current harmonic distortion have
made them a viable solution for the renewable energy sys-
tem [1], [2], voltage source converter-based system [3], [4],
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uninterruptible power supply [5], and microgrids [6]. Neverthe-
less, the increasing penetration level of the renewable energy into
power grid together with the impact of nonideal or unbalanced
grid conditions on the rectifiers have called for advanced control
methods for PWM rectifiers.

In the technical literature, voltage-oriented control (VOC)
[7], [8], and direct power control (DPC) [9]–[11] are the two
well-known methods for the control of PWM rectifiers. VOC
is a relatively mature control method, which decomposes the
grid current into active power and reactive power components
in the synchronous reference frame. The voltage vector reference
is obtained by using the proportional–integral (PI) controllers.
VOC demonstrates an acceptable performance, but its dynamic
performance is limited by the bandwidth of its inner current con-
trol loops [12]. In DPC, the reference voltage vector is directly
selected from a predefined switching table, and which is based
on active and reactive power error signs. DPC does not require
an inner current control loop and PWM block. Accordingly, it
offers the fast dynamic response with a simple control structure.
However, DPC highly depends on its predefined switching table
and sampling frequency.

Due to the superior control performance, simplicity, the fast
response of the model predictive control (MPC), it has been
widely exploited in the control of power converters. Considering
the merits and potential applications of MPC, it is valuable
for the control of power converters and electric machines. On
this front, the MPC in [13] is applied for torque control of a
permanent magnet synchronous motor. In [14], MPC is used
for dynamic performance improvement of ac/dc converter. Dis-
tributed MPC is used for a back-to-back converter [15] to reduce
the computational burden of the controllers. In [16], the matrix
converter is controlled by finite control set MPC (FCS-MPC).
Among these MPC methods, the FCS-MPC is a highly effective
method as it takes the discrete nature of power converters into
account and results in optimal voltage vector. Taking model
predictive power control (MPPC) as an example, the principle of
selecting voltage vectors is to minimize the difference between
references and predicted values of active and reactive powers.
Compared with table-based DPC, the vector that is selected
using FCS-MPC is effective for reducing power ripples. In [17],
by exploiting MPC, a nonzero vector and a zero vector are used
within each control period to obtain much lower power ripples
while maintaining the simplicity and robustness of the controller.
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Recently, a multiple-vector-based MPC [18] is presented for the
permanent magnet synchronous motor drives. In [19] and [20],
two MPPC methods are proposed for the rectifiers to realize
capacitor voltage balancing and power ripples reduction. In the
multivector MPPC, two nonzero vectors and a zero vector are
exploited within each control period. All the aforementioned
methods can improve the dynamic response and reduce its power
reference tracking error. However, they impose more computa-
tional burden compared with the duty cycle control in MPC
[17]. As an alternative, continuous control set model predictive
control (CCS-MPC) is proposed, which offers an improvement
in the total harmonic distortion (THD) of grid current and leads
to a fixed switching frequency compared with FCS-MPC [21],
although it is sensitive to parameter mismatches [22]. To obtain
a small overshoot or a much lower THD, CCS-MPC employing
multistep error tracking technique [23], and the multistep MPC
[24] are proposed, both of which can achieve a reasonable
steady-state performance. In addition, the uncertainty of the
system model has an important impact on the design of the
controller. Therefore, different MPC methods making use of
disturbance observer [25], [26] are studied to enhance system
robustness.

The FCS-MPC method is time-consuming as it minimizes a
cost function to find the best voltage vector by evaluating six
nonzero vectors and a zero vector. To address this problem, a
single-vector-based low-complexity model predictive DPC (LC-
MPDPC) [27] has been demonstrated. Moreover, double-vector
LC-MPDPC is proposed in [28]. Both can simplify computa-
tional burden as they calculate the defined cost function only two
times within each control period. For much lower power ripples
and current THD, a three-vector-based LC-MPDPC is exploited
for a doubly fed induction generator (DFIG) in [29] and [30].
Two merits of three-vector-based LC-MPDPC are included, i.e.,
low complexity and optimized voltage vector selection. These
methods [27]–[29] are studied under balanced grid conditions;
accordingly, the defined cost function under balanced grid con-
ditions cannot obtain the minimized value if the unbalanced grid
conditions occur. Furthermore, the LC-MPC is utilized in [30]
under unbalanced grid voltages, but only single-vector-based
LC-MPC is used.

As nonideal grid conditions are also presented, different
methods are designed to obtain much lower power ripples
and THD, and faster response under unbalanced grid condi-
tions. To this end, an additional control loop is added into
the control strategy in [31], and the power compensation is
needed for better power quality of grid currents. To dimin-
ish the calculation complexity of the controller under unbal-
anced grid voltages, an extended instantaneous power theory
(extended reactive pq power theory) is applied to MPC for
control of a rectifier in [32] and [33]. Compared with the
method in [31], the proposed scheme does not need any power
compensation and tuning for the controller discussed in [32]
and [33]. However, the proposed schemes in [32] and [33]
are time-consuming. In this article, an improved multivector-
based LC-MPDPC is elucidated, and the main contributions are
as follows.

Fig. 1. Circuit diagram of a three-phase PWM converter.

1) The defined cost function from LC-MPDPC in [27]–[29]
cannot obtain the minimized value if the unbalanced grid
conditions occur; accordingly, a new complex vector using
the extended reactive pq power theory is defined. A new
power error is analyzed and also described analytically in
the optimal model. A negative conjugate of new complex
power is selected as the control variable, whereas the pro-
posed method not only obtains minimized value of the cost
function but also achieves good steady-state performance.

2) According to the characteristics of the single-vector LC-
MPDPC in [30], under unbalanced grid voltages, an im-
proved multivector LC-MPDPC using the extended reac-
tive pq power theory is developed for much better con-
trol performance. Only one time is needed to predict the
next voltage vector, as well as obtain much lower power
ripples and the grid current THD under unbalanced grid
conditions.

3) An improved LC-MPDPC is proposed under unbalanced
grid to decrease calculation complexity, where the new
modulation for LC-MPDPC is presented to ensure the
best voltage and optimal duration under unbalanced grid
conditions. Comparing with other MPDPC methods, the
proposed method not only achieves good steady-state
performance but also offers a fast dynamic response and
robustness.

II. MODEL OF AC/DC PWM CONVECTOR

The schematic diagram of a three-phase two-level PWM
converter is shown in Fig. 1. The mathematical model of the
rectifier in the stationary reference frame is expressed by

e = Rsi+ Lsdi/dt+ u (1)

where i, e, and u represent the grid current, grid voltage, and
converter voltage, respectively. Rs and Ls denote the equivalent
series resistance and inductance of the interconnecting reactors.
e, i, and u are defined as

e = 2/3 ∗ (ea + aeb + a2ec)

i = 2/3 ∗ (ia + aib + a2ic)

u = sonUdc (2)

where a = exp(j2π/3), and es and is (s = a, b, c) are s-phase
grid voltage and current, respectively. Moreover,ω is the angular
frequency, and Udc is the dc-link voltage. son is also defined as

son = 2(sa + sbe
j2π/3 + sce

−j2π/3)/3 (3)
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where si (i = a, b, c) is the switching state of the connected
converter. si = 1 represents the upper bridge of phase i is ON

and the lower bridge is OFF. si = 0 denotes the upper bridge of
phase i is OFF and the lower bridge is ON.

According to the instantaneous power theory (pq power the-
ory) introduced in [34], the complex power S1 is calculated using
the grid voltage and current as follows:

S1 = 1.5(i∗e). (4)

The active power P and reactive power Q are defined as{
P = Re(S1) = 1.5i� e
Q = Im(S1) = 1.5i⊗ e

(5)

where “∗” is used to represent the conjugate of a complex vector.
Moreover, � and � denote the dot product and cross product of
vector, respectively.

According to the definition of complex power, under balanced
grid conditions, the derivative of negative conjugate for complex
power S can be described as

d(−S∗)
dt

= − 3

2Ls
|e|2 + 1

Ls
(Rs + jωLs)S

∗ +
3

2Ls
ue∗.

(6)
Under unbalanced grid conditions, the derivative of negative

conjugate for complex power Sn is described as

d(−S∗
n)

dt

= − 3

2Ls
|e|2 + 1

Ls
(RsS

∗
n + 1.5ωLsi(e

′)∗) +
3

2Ls
ue∗ (7)

where e′ represents the quadrature voltage, which lags e by 90
electrical degrees.

From (6) and (7), the derivative of negative conjugate for
complex power under balanced grid conditions is different from
that under unbalanced grid voltages. Accordingly, it is com-
pletely different from the design and implementation controller
of LC-MPDPC under balanced and unbalanced grid conditions.
At present, only single-vector LC-MPDPC under unbalanced
grid conditions is presented in [30] for the DFIGs. In this article,
we mainly focus on the controller design of multivector LC-
MPDPC for ac/dc converter under unbalanced grid conditions.

From [20], the power compensation is added to obtain sinu-
soidal grid current under unbalanced grid conditions. To improve
the steady-state performance and reduce the calculation burden
of the controller, another complex vector S2 is proposed in [32],
which is described as

S2 = 1.5(i∗e′). (8)

In [32], the new reactive power Qnov is defined as a real part
of the complex power S2

Qnov = Re(S2) = 1.5i� e′. (9)

Hereafter, a new complex power described using the extended
reactive pq power theory is defined as Snew = P+jQnov. The
definition of Snew comprises the conventional active power P
and new reactive power Qnov.

Under unbalanced grid conditions, the grid voltage and grid
current are described as the sum of the positive- and negative-
sequence components as follows:{

e = e+ + e− = e+dqe
jωt + e−dqe

−jωt

i = i+ + i− = i+dqe
jωt + i−dqe

−jωt (10)

where (edq+and idq+) and (edq– and idq–) denote the positive-
and negative-sequence components of grid voltage and current,
respectively.

According to the extended pq power theory, e′ is given by

e′ = e+dqe
j(ωt−π/2) + e−dqe

−j(ωt−π/2)

= −je+dqe
jωt + je−dqe

−jωt = −je+ + je−. (11)

Based on (8)–(11), under unbalanced grid conditions, active
power P and new reactive power Qnov are described as

P = 1.5Re(i∗e)

= 1.5Re
[
(i+dqe

jωt + i−dqe
−jωt)

∗
(e+dqe

jωt + e−dqe
−jωt)

]
(12)

Qnov=1.5Re(i∗e′)=1.5Re(i∗e(t− Ts/4))

=1.5Re
[
(i+dqe

jωt+i−dqe
−jωt)

∗
(−je+dqe

jωt+je−dqe
−jωt)

]
(13)

where Ts is the time period of the grid voltage.
Accordingly, the real power P and new reactive power Qnov

are expressed as{
P = P0 + Pc2 cos(2ωt) + Ps2 sin(2ωt)
Qnov = Qnov

0 +Qnov
c2 cos(2ωt) +Qnov

s2 sin(2ωt)
(14)

in which ⎡
⎣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)

⎤
⎦ (15)

and ⎡
⎣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).

⎤
⎦ (16)

Based on (15) and (16), Pc2 = Qs2
nov and Ps2 = –Qc2

nov.
Accordingly, eliminating Pc2 and Ps2 in P leads to removing
Qs2

nov and Qc2
nov in Qnov. Hence, simultaneous elimination of

active power P and new reactive power Qnov can be achieved,
which simplifies the controller as described in Section III.

III. PRINCIPLE OF THE PROPOSED LC-MPDPC

A. Control Objective

The PWM rectifier operates under unbalanced grid voltage
conditions, which adversely impact the active power, reactive
power, grid currents, and dc-side voltage of the rectifier. If the
control target is to ensure constant active and reactive powers,
then the grid currents would be highly distorted. A number of
control objectives are proposed to deal with these problems
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caused by unbalanced grid conditions, such as the cancelation of
active power oscillation and reactive power ripple elimination,
respectively, obtaining sinusoidal grid currents. In this article,
under unbalanced grid conditions, the control objective of a
PWM rectifier is to guarantee constant active power and generate
sinusoidal grid currents. This can be achieved by avoiding any
active power oscillation [32]. It means that the dc component
of the active power P0 is equal to the reference of the active
power Pref. Furthermore, the double-frequency components of
the active power are equal to zero, i.e., Pc2 = Ps2 = 0. In this
article, the dc component of new reactive power Qnov is equal to
zero to ensure unity power factor. Therefore, the control targets
can be described as⎡

⎢⎢⎣
P0 = 1.5(i+dq � e+dq + i−dq � e−dq) = P ref

Pc2 = 1.5(i+dq � e−dq + i−dq � e+dq) = 0

Ps2 = 1.5(i+dq ⊗ e−dq − i−dq ⊗ e+dq) = 0

Qnov
0 = 1.5(i+dq ⊗ e+dq − i−dq ⊗ e−dq) = 0

⎤
⎥⎥⎦ . (17)

The second equation and third one in (17) ensure no ripple
exists in the active power. Based on (15) and (16), the ripples in
reactive power are removed as well. The fourth equation in (17)
ensures the unity power factor operation of the rectifier.

In the stationary frame, the proposed control objectives be-
come equivalent to solving the following equations [32]:⎡

⎢⎢⎣
P0 = 3

4 (i� e+ i′ � e′) = P ref

k1 = i� e− i′ � e′ = 0
k2 = i� e′ + i′ � e = 0
Qnov

0 = 3
4 (i� e′ − i′ � e) = 0

⎤
⎥⎥⎦ . (18)

The reference of the current vector is calculated by

iref = −j
2e′

3(e⊗ e′)
P ref . (19)

According to the current reference in (19) and the definition
of the active power and new reactive power, it is concluded that
Pnew

ref = Pref and Qnew
ref = 0 [32]. It means that the new power

reference Pnew
ref is equal to the original power references Pref.

It does not require any additional power compensation. If the
same control objective is considered using the pq power theory,
the additional power compensation would be essential [20].

B. Principle of LC-MPDPC

The controller design for the rectifier under balanced grid
conditions is greatly different from that under unbalanced grid
voltages. To model the improved multivector LC-MPDPC under
unbalanced grid conditions, first the derivatives of the complex
powers S1 and S2 are described as[

dS1

dt = 1
Ls

(
1.5(|e|2 − u∗e)−RsS1 − ωLsS2

)
dS2

dt = 1
Ls

(1.5(e∗ − u∗)e′ −RsS2 + ωLsS1)

]
. (20)

Accordingly, the derivative of the new defined complex power
Snew is given by

dSnew

dt
= Re

〈
dS1

dt

〉
+Re

〈
dS2

dt

〉
. (21)

Based on (20) and (21), the derivative of –S∗
new is given by

Ls
d(−S∗

new)

dt
= −1.5|e|2 + 1.5(Re(u∗e) + jRe(e∗ − u∗)e′)

+ (Rs + jωLs)S
∗
new. (22)

Hereafter, (22) is discretized as

(−S∗
new)

k+1
u = (−S∗

new)
k+1
0 +

3Ts

2Ls
[(eαuα + eβuβ)

−j(uαe
′
α + uβe

′
β)
]

(23)

where (–Snew
∗)0k+1 represents the natural response caused by

the zero vector, which is given by

(−S∗
new)

k+1
0 = (−S∗

new)
k + Ts

Ls

{
−1.5|e|2

+(Rs + jωLs)(S
∗
new)

k + j1.5(eαe
′
α + eβe

′
β)
} (24)

where subscript “0” denotes the situation under which the zero
vector is only exploited.

On the basis of (24), Δ(–Snew
∗)0k+1 that is equal to

(–Snew
∗ref)–(–Snew

∗)0k+1 does not depend on the converter volt-
age u. Accordingly, it can be interpreted as the natural response,
and it is not controllable. The power error caused by the vector
u can be described by

Δ(−S∗
new)

k+1
u = (−S∗ref

new)− (−S∗
new)

k+1
u

= Δ(−S∗
new)

k+1
0 − 3Ts

2Ls
[(eαuα + eβuβ)

−j(uαe
′
α + uβe

′
β)
]

(25)

where the subscript “u” represents the situation under which
nonzero vector is utilized.

Based on (24) and (25), Δ(–Snew
∗)0k+1 is the power error

caused by zero vector, and it is calculated as

Δ(−S∗
new)

k+1
0 = (−S∗ref

new)− (−S∗
new)

k − Ts

Ls{
−1.5|e|2+(Rs + jωLs)(S

∗
new)

k + j1.5(eαe
′
α + eβe

′
β)
}
.

(26)

Equation (25) that defines the power error Δ(–Snew
∗)uk+1 is

the basis on which the proposed method is developed and will
be discussed in Section IV.

IV. PROPOSED LC-MPDPC METHOD

Assuming that Δ1 is equal to (uαeβ-uβeα)–(eα’uα+eβ’uβ),
(25) is rewritten as

Δ(−S∗
new)

k+1
u = (−S∗ref

new)− (−S∗
new)

k+1
u

= Δ(−S∗
new)

k+1
0 − 1.5Ts(jΔ1+ue∗)/Ls.

(27)

With respect to (27), new power errorΔ(–Snew
∗)uk+1 consists

of three terms: the first term is the power error caused by the
zero vector Δ(–Snew

∗)0k+1, the second power variation is equal
to j1.5TsΔ1/Ls, and the third one is the power variation caused
by the nonzero vector 3Tsue∗/(2Ls).
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If the exact values of uα and uβ were known, Δ1 could be
calculated. Based on (27), the controller could be designed by
LC-MPDPC. Therefore, calculating uα and uβ plays a key role.
Ideally, the total power error expressed by (27) should be zero.
Therefore, by equating Δ(–Snew

∗)uk+1 to zero, the magnitude
of nonzero vectors uα and uβ can be obtained by solving the
following equation:

Δ(−S∗
new)

k+1
u = Δ(−S∗

new)
k+1
0

− 1.5Ts(jΔ1 +ue∗)/Ls =0. (28)

To solve (28), two parameters are introduced, that is, the real
and imaginary parts of power error caused by the zero vector are
arranged as γ1 and γ2⎧⎪⎪⎨
⎪⎪⎩

γ1 = −P ref + P k − Ts(− 3
2Ls

|e|2 + Rs

Ls
P k + ωQk

nov)

γ2 = Qref
nov −Qk

nov − Ts

[
3

2Ls
(ekαe

′k
α + ekβe

′k
β )

−Rs

Ls
Qk

nov + ωP k
]
.

(29)

Substituting (29) into (28), it can be obtained as{
1.5Ts(eαuα + eβuβ)/Ls = γ1
−1.5Ts(e

′
αuα + e′βuβ)/Ls = γ2.

(30)

According to Kramer’s law, uα and uβ satisfying (28) are
described as ⎧⎨

⎩
uopt
α = 2Ls

3Ts

γ1e
′
β+γ2eβ

eαe′
β−e′

αeβ

uopt
β = − 2Ls

3Ts

γ2eα+γ1e
′
α

eαe′
β−e′

αeβ
.

(31)

Hereafter, uα
opt and uβ

opt are substituted in (27), which
evolves to

Δ(−S∗
new)

k+1
u = (−S∗ref

new)− (−S∗
new)

k+1
u

= γ1 + jγ2 − j1.5TsΔ2/Ls − 1.5Tsue
∗/Ls

(32)

where Δ2 = (uα
opteβ-uβ

opteα)–(eα′uα
opt

+eβ ′uβ
opt).

Based upon (32), the real part γ3 and imaginary part γ4 of the
power error caused by the zero vector and power variation that
is j1.5TsΔ2/Ls are described as{

γ3 = γ1
γ4 = γ2 − 1.5TsΔ2/Ls.

(33)

According to the new power error described by (33), its
corresponding amplitude and phase angle are expressed as{

θ2 = atan(γ4/γ3)
|bnew| = sqrt

(
γ2
3+γ2

4

)
.

(34)

Here, note that the power error vector boriginal is under
balanced grid conditions, which is different from power error b
and bnew under unbalanced grid conditions. boriginal is described
as

boriginal = Δ(−S∗)k+1
0 = (−S∗)ref − (−S∗)k

−Ts[−1.5|e|2 + (Rs + jωLs) · S∗]/Ls
(35)

where power error vector boriginal �b �bnew. b and bnew are
given in the following parts.

Fig. 2. Improved two-vector-based modulation method of LC-MPDPC.

Once optimal values of nonzero vectors uα and uβ are ob-
tained, the controller is designed according to the principle of
LC-MPDPC. To illustrate the proposed method in this article,
three vectors are defined as⎧⎨

⎩
au = 1.5Tse

∗u/Ls

cu = Δ(−S∗
new)

k+1
u

bnew = Δ(−S∗
new)

k+1
0 − j1.5TsΔ2/Ls.

(36)

The amplitude of vector cu is described as

|cu| =
∣∣(−S∗ref

new)− (−S∗
new)

k+1
u

∣∣
= sqrt

[
(−P ref + P k+1)

2
+ (Qref

nov −Qk+1
nov )

2
]
. (37)

From (37), the amplitude of vector cu is equal to power error,
which is considered as cost function for the LC-MPDPC.

A. Improved Two-Vector-Based LC-MPDPC

Two-vector-based LC-MPDPC, a nonzero vector and a zero
vector are applied in every control period, is improved in this
section. The LC-MPDPC scheme is carried out by two steps:
best vector selection and duty cycle calculation. The selection
principle of voltage vector is the same as that of MPDPC in
[29]. Fig. 2 describes its improved modulation method. Under
balanced grid voltages, the modulation method of two-vector
LC-MPDPC is proposed in [28] and [29]. The power error b is
in Sector I, the defined cost function can obtain the minimized
value when cmin is vertical to U1(100), and the ϕ is the angle
between power error b and voltage U1(100). However, under
unbalanced grid conditions, the derivative of negative conjugate
of complex power is greatly different from that under balanced
grid conditions, which are described in (20)–(26). With the effect
of unbalanced grid voltages, actual power error is changed to
bnew with adding Θ on the basis of the power error b, and Θ =
j1.5TsΔ2/Ls. Basic power error b = Δ(−Snew

∗)0k+1 is shown
in (24), and new power error is bnew = b–Θ under unbalanced
grid voltages. As shown in Fig. 2, the smallest amplitude of cx
can be obtained when cx is vertical to u1, that is, cmin

new, and
the nonzero vector is amin

new. Accordingly, optimal duration of
u1 can be described as

tnew =
|bnew| cosϕ1

|1.5e∗anewmin/Ls| =
Ls |bnew| cosϕ1

|e∗| |Udc| (38)
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Fig. 3. Improved three-vector-based modulation method of LC-MPDPC.

whereϕ1 is equal to θ1+θ2, θ1 is the phase angle of grid voltage,
and θ2 is expressed by (34). If the vector bnew is in other sectors,
the calculating process of the time durations t1 and t0 is similar.
In addition, ϕ = θ1+atan(γ2/γ1).

Observed from the nonzero vector and duty cycle calcula-
tion, the proposed duty-cycle optimization-based LC-MPDPC
is a better and easy method compared to conventional MPDPC
methods in [20] and [32].

B. Improved Three-Vector-Based LC-MPDPC

To reduce the power error bnew, an improved three-vector-
based LC-MPDPC method is proposed under unbalanced grid
conditions. In the proposed three-vector LC-MPDPC method,
two adjacent nonzero vectors and a zero vector are utilized within
every control period. The selection principle of voltage vectors
is the same as that of MPDPC in [29]; moreover, the improved
duty cycle calculation is stated in this section.

Fig. 3 demonstrates the improved three-vector modulation.
Taking Sector I as an example, vectors a1 and a2 denote the
power variations when u1 (100) and u2 (110) are used for the
time intervals of tnew1 and tnew2. Under balanced grid condi-
tions, original power variable vectors are a1 and a2, and the
power error vector b is followed. However, under unbalanced
grid conditions, the power error is bnew = b–Θ not be b. In
proposed improved three-vector modulation, the new power
variable vectors a1new and a2new are synthesized to follow error
bnew. From Fig. 3, in Sector I, the nonzero vectors are u1 and
u2, and (39) can be obtained as

1.5tnew1 |e∗| |u1| /Ls

sin(π/3− ϕ1)
=

1.5tnew2 |e∗| |u2| /Ls

sinϕ1
=

|bnew|
sin(2π/3)

(39)
where ϕ1 is the angle between bnew and u1, and |u1| and |u2| are
the amplitudes of u1 and u2, respectively.

The optimal time intervals for u1 and u2 can be obtained as[
tnew1 = 2Ls|bnew |√

3|e∗||Udc| sin(
π
3 − ϕ)

tnew2 = 2Ls|bnew |√
3|e∗||Udc| sinϕ

]
(40)

where |Udc| is the amplitude of the dc-side voltage Udc.
Accordingly, the duration of zero voltage vector is given by

t0 = Ts − tnew1 − tnew2. (41)

Fig. 4. Schematic diagram of the experimental setup.

TABLE I
TEST SYSTEM SPECIFICATIONS

From the aforementioned analysis, the proposed three-vector
LC-MPDPC can theoretically reduce power error and provide
a much better sinusoidal grid current compared to two-vector
LC-MPDPC. Compared to other multivector MPDPC methods
[20] and [32], the presented three-vector LC-MPDPC is a much
simpler way and can obtain much better control performance,
and it offers a fast dynamic response and robustness.

C. Time Delay Compensation

For the implementation of the improved LC-MPDPC method
under unbalanced grid conditions, there is a one-step delay in
digital signal controller caused by calculation [20], [27], [28],
[32]. To eliminate the adverse impact of one-step delay, P and
Qnov are predicted at (k + 2)th instant in the cost function
expressed in (37). With values of Δ(–Snew

∗)u and Δ(–Snew
∗)0

at (k + 2)th instant, both of them are utilized to compute the
amplitude and phase angle in (34) of power error. In addition,
three vectors au, cu, and bnew in (36) at (k + 2)th instant rather
than at (k + 1)th instant are used for the best vector selection
and optimal time calculation. More details about one-step delay
can be found in [35].

V. EXPERIMENTAL STUDIES

In this section, experimental tests are conducted on a two-level
three-phase PWM rectifier, shown in Fig. 4. The specifica-
tions of the test system are listed in Table I. The proposed
algorithm is implemented on a DSP TMS320F28335 manu-
factured by Texas Instrument. The grid voltage is generated
by a programmable ac source (Chroma 61815). The grid volt-
ages/currents are displayed and recorded using YOKOGAWA
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Fig. 5. Control block diagram of the proposed multivector LC-MPDPC.

DL850E. The recorded data from the DL850E is further pro-
cessed in YOKOGAWA “Xviewer” software to obtain active and
reactive powers, which are plotted using MATLAB. To decouple
the effect of dc voltage control on performance, the PI regulator
corresponding to dc voltage control is disabled in power control
mode. The control block diagram of the proposed LC-MPDPC
is shown in Fig. 5.

A. Performance Comparison With the Conventional MPDPC

For the sake of illustrations, the reactive power, defined by
the conventional pq power theory, is called “imaginary power,”
whereas it is called “reactive power” in the extended reactive
pq power theory. Imaginary and reactive powers are denoted
by Q and Qnov in this article, respectively. Experimental results
for the conventional multivector LC-MPDPC and the proposed
ones are demonstrated in Figs. 6 and 7. The references of active
and reactive powers are 700 W and 0 Var. As shown in Figs. 6
and 7, each subfigure illustrates active power, imaginary/reactive
powers, the grid voltages, and grid currents from top to bottom.
The grid voltage is balanced within [0, 0.04 s], whereas it
becomes unbalanced at t = 0.04 s. In Figs. 6(a) and 7(a), the
proposed multivector LC-MPDPC and the conventional ones
result in a sinusoidal grid current under balanced grid voltages.
Moreover, the active and imaginary/reactive powers can track
their corresponding references accurately.

Compared with the results in Figs. 6 and 7, both methods can
generate sinusoidal grid current under balanced grid conditions,
which demonstrates that the proposed method does not impact
converter performance under balanced grid conditions. Under
unbalanced grid conditions, with respect to Fig. 7, the active
and imaginary powers obtained from conventional multivector
LC-MPDPC can track their references accurately. However, the
grid current is no longer purely sinusoidal and highly distorted
when the unbalanced grid voltage occurs, and the grid current
THD of both methods is close to 5.5%, i.e., 5.35% and 5.17%
for two-vector- and three-vector-based LC-MPDPC using the
conventional pq power theory. Accordingly, it exhibits not good
steady-state performance.

On the other side, as shown in Fig. 6, under unbalanced
grid conditions not only is the oscillation of reactive power

Fig. 6. Results of the LC-MPDPC using the extended pq power theory under
10% unbalanced grid voltages. (a) Two-vector. (b) Three-vector.

Fig. 7. Results of the LC-MPDPC using the conventional pq power theory
under 10% unbalanced grid voltages. (a) Two-vector. (b) Three-vector.
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Fig. 8. Results of the LC-MPDPC using the extended pq power theory under
50% unbalanced grid voltages. (a) Two-vector. (b) Three-vector.

eliminated in the proposed LC-MPDPC but also the grid cur-
rent is sinusoidal. Nevertheless, the imaginary power Q in the
conventional pq power theory oscillates with the double grid
frequency. Similar to the two-vector-based LC-MPDPC, a com-
parison with these results of three-vector-based LC-MPDPC,
shown in Figs. 6(b) and 7(b), demonstrates that a better si-
nusoidal current is achieved using the extended reactive pq
power theory. Consequently, a comparison between Figs. 6
and 7 demonstrates that under unbalanced grid conditions, the
proposed LC-MPDPC using the extended reactive pq power
theory is more suitable than the one using conventional pq power
theory, as it ensures accurate reference tracking while avoiding
grid current distortions under unbalanced grid conditions.

Fig. 8 describes the experimental results of the proposed
LC-MPDPC using the extended pq power theory under 50%
unbalanced grid voltages. Compared with these results of the
proposed MPDPC under 10% unbalanced grid voltages shown
in Fig. 6, the proposed method obtains good steady-state per-
formance. The biggest difference is the fluctuation range of
imaginary power becomes much larger because the fluctuation
amplitude of imaginary power will increase with the increasing
of unbalanced degree of the grid voltage [32] (see (21) in
Section III).

The dynamic responses of the active and reactive powers
for multivector LC-MPDPC are compared, and Fig. 9 shows
the experimental results of dynamic response for the proposed

Fig. 9. Experimental results of the active power step response for the proposed
LC-MPDPC. (a) One-vector. (b) Two-vector. (c) Three-vector.

multivector LC-MPDPC (one-vector- and two-vector-based
methods are used as comparisons). In this scenario, the active
power reference steps from 700 to 800 W, whereas reactive
power remains constant. As shown in Fig. 9, during the re-
sultant transient, the proposed three-vector-based LC-MPDPC
exhibits a similar dynamic response time (0.9 ms) in tracking
active power compared to one-vector- and two-vector-based
LC-MPDPC method (1.0 ms), and there is no overshoot for the
step response of active power. The proposed LC-MPDPC has no
adverse impact on the dynamic response of the controller. There-
fore, the superiority of the proposed method under unbalanced
grid conditions is confirmed.

B. Performance Comparison With Multivector MPDPC

Under unbalanced grid conditions, the multivector MPDPC
methods [20], [32], and [36] are proposed to reduce the
power ripples or the grid current THD of rectifier, and their
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Fig. 10. Experimental results of multivector MPDPC methods. (a) MPDPC
[32]. (b) UMV-MPC [36]. (c) MM-PPC [20].

performances are compared with the proposed LC-MPDPC. The
results are obtained at a 500-kHz sampling rate for fast Fourier
transform to analyze grid current THD and power ripples.

Here, we only focus on performance comparisons of control
methods under unbalanced grid voltages not that under balanced
grid conditions. To further validate the superior performance
of the proposed method, the results for [20], [32], and [36]
are conducted and compared, which are shown in Fig. 10.
Fig. 11 describes the grid current THD for different methods,
and Table II presents the quantitative comparisons of different
performances under 10% unbalanced grid voltages.

Besides, Table II presents the comparison of executive time
of the proposed method and MPC method in [20], [32], and

Fig. 11. Current THD results of different control methods. (a) MPDPC using
the extended pq power theory [32]. (b) UMV-MPC [36]. (c) MM-PPC method
[20]. (d) Proposed LC-MPDPC.

TABLE II
COMPARISON OF DIFFERENT PERFORMANCE

Note: “PR” denotes power ripples.

[36]. The switching frequency is computed according to the
methods proposed in [20] and [29]. As listed, although the
average switching frequencies of the MPDPC [32] and universal
multiple-vector-based model predictive control (UMV-MPC)
[36] are lower than that of the multivector model predictive
power control (MM-PPC) [20] and the proposed LC-MPDPC,
but power ripples of the latter ones are lower than that of the
former ones, and the minimized current THD and much lower
calculation complexity are achieved according to the proposed
method from Table II.

Under 10% unbalanced grid voltages, the results of the pre-
sented LC-MPDPC method are shown in Fig. 6. Compared with
the experimental results of other multivector MPDPC methods
[20], [32], and [36] shown in Fig. 10, it is observed that much
better steady-state performance is obtained using the proposed
method. In the proposed LC-MPDPC, both active and reactive
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Fig. 12. Experimental results of the LC-MPDPC in [30]. (a) Active and
reactive powers, the grid voltage, and grid current. (b) Grid current THD.

powers are controlled at the predefined constants, and there are
lowest power ripples, i.e., 11.13 W and 11.19 var, respectively.
From Fig. 11, the grid current THDs are 2.24%, 1.83%, and
1.31% for the methods, i.e, MPDPC [32], UMV-MPC [36],
and MM-PPC [20], all of which are larger than that of the
proposed method. Besides, by using the proposed LC-MPDPC,
the grid current harmonics concentrate on the 200th-order and
400th-order harmonics, which will bring some benefits for the
design of filters. Compared with MM-PPC in [20], a similar per-
formance can be obtained using the proposed LC-MPDPC, but
the executive time of the proposed method reduces from 28.55
to 17.93 μs. Accordingly, with control performance and calcu-
lation complexity, the proposed LC-MPDPC has the superior
performance compared to other multivector MPDPC methods
[36], [32], and [20].

C. Performance Comparison With the Existing LC-MPDPC

As described in Section I, the LC-MPDPC is studied also
under balanced grid conditions in [27]–[29]. Furtherly, the LC-
MPDPC in [30] is proposed under unbalanced grid voltages,
which is as a comparative method in this article. Although the
computational complexity is reduced, the steady-state perfor-
mance needs to be further improved, which is presented in
Fig. 12.

Fig. 12 describes the experimental results under unbal-
anced grid voltages in [30]. From Fig. 12, comparing with the

experimental results obtained from the proposed method in
Fig. 6, the imaginary power Q in [30] oscillates with the double
grid frequency. The power ripples of active power for LC-
MPDPC method in [30] and the proposed three-vector MPDPC
method in this article are 20.83 and 11.13 W, respectively.
Furthermore, the grid current THD corresponding to the MPC
method in [30] and the proposed LC-MPDPC are 3.85% and
1.30%, respectively. Accordingly, the steady-state performance
of the proposed LC-MPDPC method offers more benefits com-
pared with the ones in [30]. Therefore, the proposed LC-MPDPC
obtains much lower power ripples, and achieves much lower grid
current THD under unbalanced grid voltages.

VI. CONCLUSION

A multivector LC-MPDPC is proposed in this article for the
control of PWM rectifier under unbalanced grid conditions.
Comparative experimental studies are implemented to demon-
strate the effectiveness of the proposed method, which has the
following features.

1) Instead of the original pq theory, an extended reactive pq
theory is exploited in the proposed LC-MPDPC, in which
a new complex power vector is defined. New power error is
analyzed and consisted of three terms, which is described
analytically in the optimal model, and its analytical ex-
pression is derived. Compared with the conventional LC-
MPDPC, the proposed method obtains minimized value of
cost function under unbalanced grid conditions, and also
achieves good steady-state performance without changing
the control structure.

2) Compared with the existing LC-MPDPC under unbal-
anced grid conditions, the proposed multivector method
can further obtain much lower power ripples, and also
lower THD for grid current without any additional power
compensation. In addition, only one time is needed to
predict the next voltage vector, the calculation time of the
proposed method is greatly reduced. Accordingly, the pro-
posed method can achieve good steady-state performance,
and it offers a fast dynamic response and robustness under
unbalanced grid conditions.
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