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Improved DPC Strategy of Grid-connected Inverters
under Unbalanced and Harmonic Grid Conditions

Yongbo Shen* and Heng Nian**

Abstract — This paper presents an improved direct power control (DPC) strategy for grid-
connected voltage source inverter (VSI) under unbalanced and harmonic grid voltage conditions.
Based on the mathematic model of VSI with the negative sequence, 5th and 7th harmonic voltage
components consideration, a PI controller is used in the proposed DPC strategy to achieve the
average output power regulation. Furthermore, vector Pl controller with the resonant frequency
tuned at the two times and six times grid fundamental frequency is adopted to regulate both
negative and harmonic components, and then two alternative targets of the balanced/sinusoidal
current and smooth active/reactive output power can be achieved. Finally, simulation results based
on MATLAB validate the availability of the proposed DPC strategy.
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1. Introduction

Grid-connected voltage source inverter (VSI) has gained
the increasing popularity in both the renewable power
generation systems and the electric power systems,
including wind power generation systems, high voltage
direct current systems, etc., due to the advantage of
controllable power factor and sinusoidal current output [1].
Usually, two main control strategies, i.e., voltage or flux
oriented vector control (VC) [2] and direct power control
(DPC) [3], have been well investigated in VSI under the
ideal grid condition. However, the unbalanced and
harmonic voltage distortion always appears both in
transmission and distribution grid, which will deteriorate
the operation performance of VSI if the negative sequence
and the harmonic components of grid voltage are not
considered in the control system [4]-[6]. Thus, it is
necessary to investigate the control strategy of VSI to
enhance the quality of power or current injected to the grid
during unbalanced and harmonic voltage disturbances.

Up to now, the investigation on the VSI during the
unbalanced and harmonic grid voltage condition was
mainly implemented by VC strategy. [7]-[8] used the dual
current regulator on the positive and negative synchronous
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reference frame to implement the stable sinusoidal current
output under unbalanced grid voltage. In [9], the current
controller consisting of a PI regulator and a dual-frequency
resonant compensator was proposed to improve the
operation capability of DFIG based wind turbine system
under both unbalanced and distorted grid voltage conditions.
However, the time delay and control error in VC is
unavoidable due to the sequence decomposition of the
voltage and current, and the current reference computation
of the different control target is also complicated.

DPC has been considered as the preponderant scheme
for VSI operation under the unbalanced and harmonic grid
conditions, due to the advantages of simple implementation
and fast dynamic response [10]. DPC can be classified into
two categories, hysteresis controller based DPC (HC-DPC)
[4]-[5] and space vector modulation based DPC (SVM-
DPC) [10]-[11]. Paper [12] proposed a modified predictive
DPC in stationary reference frame to obtain the balanced
and sinusoidal current under the unbalanced grid conditions.
Generally, HC-DPC will lead to a variable switching
frequency of converters, which will complicate the design
of power filter. SYVM-DPC can obtain the AC side current
with the constant switching frequency, which is beneficial
for the design of power filter [10]. However, up to now, it
cannot be found the corresponding DPC strategy for VSI
aimed at the stable operation under the unbalanced and
harmonic grid.

In order to restrain the harmonic current components, the
resonant controller has been applied to assure steady-state
tracking and disturbance rejection for components pulsation
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at the specified frequency [10], [13]-[14]. Due to the super
ior tracking capability of ac signal by using the pole-zero
cancellation, the VPI regulator is introduced to replace
conventional PIR regulator to enhance the operation
stability of VSI [15].

This paper presents an integrated control strategy for
VSI under unbalanced and distorted grid voltage based on
the SVM-DPC strategy, in which two alternative control
targets, the balanced and sinusoidal current, smooth active
and reactive power output, are proposed to enhance the
operation capability of VSI. The VVPI controller tuned at the
twice and sixth fundamental frequency is adopted to
eliminate current or power oscillation. Finally, the
simulation model is developed to validate the availability of
the proposed DPC strategy.

2. Improved DPC Strategy for VSI

The circuit of grid-connected voltage-sourced inverters is
shown in Fig. 1, in which ug, Ug, Ug: are the grid voltage,
iga, Igns Igc @re the grid current, Ug, Uep, Ue are the AC side
converter voltage, L is the line inductance and R is
resistance, V. is the direct voltage source. The mathematic
model of inverter under positive fundamental synchronous
frame can be expressed as,
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where the superscript + is in the positive d-q reference
frame, the subscript gd and gq is the d-q axis components
of grid voltage and current in synchronous frame and the
subscript cd and cq is the d-q axis components of converter
voltage in synchronous frame.

Fig. 1. VSI circuit

Fig. 2. depicts the equivalent circuit of the VSI. Thus, the
flux linkages of VSI can be defined as [10], where the
leakage flux and loss during the transmission is neglected.
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Fig. 2 VSI equivalent circuit
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where w;, is the grid flux vector, w; is the VSI flux
vector, U, = U + jU;, is the grid voltage vector , U; = U
w * jUy is the inverter voltage vector and I is the grid
current vector.
According to the equivalent circuit in Fig.2, the
relationships between the voltage current and flux are
deduced as
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Compared with L, R is small enough to be neglected.
Once the d-axis of the synchronous frame is fixed with the
grid voltage vector, according to (3), the steady state grid
voltage can be simplified as,

Ug = jog, ==y =Ug @)
Thus, the power of VSI can be calculated as,

. 3 + A+ 3 + 1 A* :'
Sg = Pg + JQg :Eug x Ig :Eugd XE(WQ_Wc) (®)

where Py is the grid active power, Qq is the grid reactive
power. Substituting (7) into (8), the active and reactive
power outputs are written as
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According to (9), the VSI output flux w: and its
differential dw;/dt can be rewritten in terms of the active
and reactive output power of VSI [10]. Substituting (9) into
(3), the VSI output voltage can be expressed as,

. 2 L dP, 2mL .
Ug :—§—+d—g—§ —Q, +U,,
Uy, dt Uy (10)
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where wq is approximate to a constant. (10) is the control
equation of direct power control of VSI.

According to [6], the instantaneous power of VSI
under unbalanced and harmonic voltage grid conditions can
be represented as,
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where U,. and I,. are the positive-sequence components in
the synchronous (dqg)* coordinate. U, and I, are the
negative sequence components in the synchronous (dq)
coordinates. US;. and I%. are the 5™ harmonic components
in the (dg)® coordinates. U}, and 175, are the 7" harmonic
components in the (dg)™ coordinates. P, and Qo are the dc
component of VSI power output. P,and Q, are the n (n=2,
4, 6, 8, 12) times of grid frequency power pulsations.
Compared with 1:, I, , 1% and I, can be neglected. The
main power pulsations will focus on 2" and 6" grid

frequency.

Thus, based on (10) and (12), the improved DPC scheme
is proposed as showed in Fig. 3. The grid voltages Uga,c and
currents igae are transformed into dg components by
synchronous (dg)” coordinates based on the PLL. The PLL
block is designed to track the frequency and phase angle of
grid voltage. The dq components of grid voltages and
currents are used to calculate the instantaneous power Py
and Qg according to (13).
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Fig. 3 Proposed DPC integrated control scheme
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The active and reactive power reference P, Q, are given
as constants. The PI controllers are applied to achieve the
control of average power output. There are two separate
control targets to be chosen. The first control target is to
obtain balanced and sinusoidal current by selecting the I,
as the input signal of VPI controller, while the second
control target is to obtain smooth active and reactive power
output by choosing Py and Qq as the input signal of VPI
controller. Au,; and Au, are the voltage compensation
parts and can be depicted as,

o L
Aug, :3 9+ Qg
3 Ugd 14)
2w, L
Aug, ==——P,
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3. VPI Controller

When target (2) of smooth active and reactive power is
chosen, the scheme of the proposed DPC in (dg)+



Yongbo Shen and Heng Nian 172

fundamental synchronous frame can be shown in Fig. 4.
The closed loop transfer function can be expressed as

i_ GPI (s)
S, - GPI (S)+G\/PI (s)-(Ls+R) /Ugd

g

(15)

where Gp(s) is the transfer function of PI regulator and
Gypi(8) is the transfer function of VPI regulator.
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Fig. 4 The control scheme for target of smooth active/
reactive power

According to traditional voltage oriented vector control
mathematic model of VSC, the power can be written as

3 + o+
P, :EUgdlgd
3 (16)
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Substituting (16) into (15), the control loop transfer
function under target of balanced and sinusoidal current can
be written as (17). And Fig. 5 shows the scheme of the
proposed DPC for the balanced and sinusoidal current.
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Fig. 5 The control scheme for target of balanced and
sinusoidal current

The basic open-loop transfer function of VPI can be
derived from the conventional Pl controller. Considering
the bandwidths at the resonant frequency, the transfer
function of VPI for k™ harmonic component can be

expressed as following [13]-[14],
K, s +K,s
G (s)= B .

18
s +a)cks+(ika)g)2 (18)

where o, represents the cutoff frequency to broaden the
frequency bandwidth.

When VSI is controlled under the unbalanced and
harmonic voltage conditions, the resonant frequency of VPI
controller should be tuned at the twice and sixth
fundamental frequency. Thus, the whole transfer function
of VPI controllers can be expressed as

2
Kp2s® + K8
2 2 2 2
$*+,s+(F20,)"  S°+a,s+(H6w,)

K 6” + Kigs

Gyp (5) = (19)

Compared with conventional DPC strategy, DPC with
VPI regulator with 2wy and 6wy resonant radians frequency
can avoid the sequential decomposition of both negative, 5"
and 7" harmonic components of grid voltages and currents.
Thus, the fast dynamic response and stable close-loop
operation can be achieved for different control targets.

Bode Diagram
T
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Fig. 6 Bode diagram of VPI regulators with resonant
frequency at 100Hz and 300Hz (w=w=10 rad/s,
Cl)g=1007'[ rad/s, kpr2=0-2; kpr6=0-51 kio=3.14 kprZu
kir6: 3.14 kprg)

The bode diagram of open-loop transfer function of VPI
regulator is showed in Fig. 6. The phase margin at each
resonant frequency would be a sufficiently large of 92.8°
and 123< which means that the stable operation of VSI
under the unbalanced and harmonic grid condition can be
implemented.

The open loop transfer function of the VPI controller at
special resonant frequency of DPC strategy is showed as

C;ol (S) = G\/PI (S)*Gplant (S)*Ug;d (20)

where Gpjan(s) = 1/(SL+R).
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Since U, can be approximate to unit, the closed loop
transfer function of the VVPI controller of the proposed DPC
strategy can be written as

Gcl (S) = G\/PI (S) *Gplant (S) / (1+ QIPI (S)*Gplant(s)) (21)

The bode diagram of the harmonic control closed-loop
transfer function is showed in Fig. 7. At the resonant
frequency of 100Hz and 300Hz, the phase respond is 0<and
the magnitude respond is 0dB, which can ensure the
accurate tracking of ac signal to fulfill specific control
targets.

Bode Diagram
T

Frequency (Hz)

Fig. 7 Bode diagram of harmonic control closed-loop with
resonant  frequency = 100Hz and  300Hz
(wer=we=10rad/s, wg=100m rad/s, kp2=0.2, Kye=0.5,
kir2:3-14 kpr2 , kir6= 3.14 kpr6: R=83317e-04,
L=2.6520e-04)

4. Simulation Results

The Simulation studies on a 2MW rated grid-connected
voltage-sourced converter under grid unbalanced conditions
have been implemented by MATLAB/Simulink. The
simulation system is sampled at a frequency of 5 kHz and
the switching frequency is 2.5 kHz. Grid voltage is 690V
and the system is supplied by a DC voltage of 1200V. Line
inductance is 0.265mH. Line resistor is 0.8Q. In the
simulation, the unbalance of grid voltage is initially set to
10% and the grid voltage is initially injected with 7% 5th
and 7% 7th order harmonic components.

Fig. 8 shows the simulation results of VSI system by the
proposed DPC strategy. The control target is set to target 1
for balanced and sinusoidal current from 0.05s to 0.15s, and
target 2 for obtaining smooth active/reactive power from
0.15s to 0.25s. From 0.25s to 0.3s, the grid voltage becomes
ideal. During target 1), the output current of the inverter can
be controlled with THD 1.58%. The active/reactive power
ripple with VVPI controller from 0.15s to 0.25s is £0.02 pu,

which is the same as the results under ideal grid condition.
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Fig. 8 Simulation results of VSI system under the
unbalanced and harmonic grid voltage condition

Fig. 9 shows the simulation result with the control target
of the balanced and sinusoidal current, in which the active
power reference steps from -1pu to -0.5pu at 0.1s and the
active power reference steps from -0.5pu to -1pu at 0.3s. It
can be seen that the current of VSI can keep sinusoidal
under the power change condition with the proposed DPC
strategy.
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Fig. 9 Simulation results of VSI system with target of
balanced and sinusoidal current.

Fig. 10 shows the simulation results with the control
target of the smooth active/reactive power, in which the
active power reference steps from -1pu to -0.5pu at 0.1s, the
reactive power reference steps from Opu to -0.2pu at 0.2s,
the active power reference steps from -0.5 to -1lat 0.3s and
the reactive power reference steps from -0.2 to O at 0.4s. It
can be seen that, although there is a little overshoot of the
actual power on the power step change, the output active
and reactive power can keep stable on the steady state.

Fig. 11. and 12. shows the simulation result of VSI for
the control target 1 and 2 when the harmonic components
vary. It can be seen that, even if the grid condition changes,
the control target can still be achieved with the satisfied
steady and dynamic performance by the proposed DPC
strategy. However, the power fluctuations are related with
the grid voltage and output current phase difference. Thus,
the variations of active power and reactive power are un-
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Fig. 10 Simulation results of VSI system with target of
smooth active and reactive power.
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Fig. 11 Simulation results of VSI system under 10%
unbalanced, variable harmonic grid voltage
condition with target 1
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Fig. 12 Simulation results of VSI system under 10%
unbalanced, variable harmonic grid voltage
condition with target 2
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5. Conclusion

This paper proposed an improved DPC strategy for VSI
under unbalanced and harmonic distorted grid voltage
conditions. The improved DPC can achieve two control
targets of different concerns, 1) balanced and sinusoidal ac-

side current; 2) smooth ac-side active and reactive power.
The complicated control reference calculation and sequence
decomposition is not needed in the proposed DPC strategy.
Simulation results validated the improved DPC availability
with the VPI controller under the unbalanced and harmonic
grid conditions.
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