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Abstract—A novel grid voltage modulated direct power
control (GVM-DPC) strategy for a grid-connected voltage
source converter is proposed to control the instantaneous
active and reactive powers directly. The GVM-DPC method
consists of a nonlinear GVM controller, a conventional con-
troller (feedforward and Pl feedback), and nonlinear damp-
ing. The proposed control strategy shows a relationship be-
tween DPC and voltage-oriented control methods designed
in d-q frame. The main advantage is that the proposed
method makes the system be a linear time-invariant system,
which enables us to apply various control methods easily.
The GVM-DPC guarantees not only the convergence rate
but also the steady-state performance of the system. More-
over, it is ensured that the closed-loop system is exponen-
tially stable. Finally, simulation and experimental results
using a 2.2-kVA VSC are provided to validate the tracking
performance and robustness of the proposed control ar-
chitecture. In addition, the total harmonic distortion of the
current is 1.9% which is much less than the requirement for
grid operation.

Index Terms—Direct power control, DC-AC power con-
verters, linear time-invariant system, exponentially stable.

[. INTRODUCTION

ECENTLY, control of power converters is a hot issue
because of the rapid development of smart grid, flexible
AC transmission systems, high-voltage DC systems, and re-
newable energy sources such as wind and solar power [1]—[8].
It is essential to use power converter systems for energy sus-
tainability, which aims to generate electricity from renewable
sources and use it efficiently [9]. Consequently, power con-
verter systems are increasingly utilized in various applications
(e.g. power conditioning, compensation, and power filtering,
etc.) [10]-[13].
One of the key devices of power converters is grid-
connected voltage source converter (VSC) which supports the
several roles for grid operation. The conventional control of
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grid-connected VSC is designed in a synchronous rotating
reference frame and a decoupled proportional integral (PI)
control is applied for separately controlling d—q axes currents,
i.e. controlling active and reactive powers separately [14]. An
enhanced vector control method with additional PI controllers
is proposed to handle the undesirable current oscillations in
the double synchronous reference frame [15]. The main dis-
advantages of the conventional methods are a highly sensitive
performance to the completeness of the current decoupling,
the accuracy of tuning of the PI gains, and the grid voltage
conditions, etc.

To control instantaneous active and reactive powers di-
rectly without using any inner-loop current regulators, var-
ious direct power control (DPC) methods have been pro-
posed for VSCs [16]-[24]. A look-up-table (LUT)-DPC with
hysteresis is proposed by selecting the converter switching
signals directly from a predefined optimal switching table [16].
However, the switching frequency of the LUT-DPC method
changes according to the switching state. Besides, an unex-
pected broadband harmonic spectrum range is generated, that
means it is not easy to design a line filter. To solve such
disadvantage, some DPC strategies have been proposed to
achieve a constant switching frequency [17]-[19]. For robust
control, a DPC with sliding mode control (SMC) method is
proposed in the stationary reference frame [20], [21]. The
SMC-DPC brings an exponential convergence of the tracking
error on the manifolds which are defined as tracking errors
of active and reactive powers and their integrals. Although
the SMC-DPC obtains a faster settling response than that
of the PI controller and more robustness against parameter
uncertainty than that of the LUT-DPC, the convergence to its
equilibrium point is not guaranteed. To overcome this problem,
port-controlled Hamiltonian (PCH) DPC is designed based on
the system’s intrinsic dissipative nature [24], but there are still
power ripples in both active and reactive powers.

Recently, another popular control strategy of DPC, model
predictive control (MPC), has been applied to power converters
in order to handle the multivariable case, system constraints,
and nonlinearities in an intuitive way [25]-[28]. MPC-DPC
selects voltage vector sequence and calculates duty cycles
in every sampling period, One of the advantages is that
it provides a constant switching frequency [29]-[31]. Con-
ventionally, MPC-DPC strategy performs a good closed-loop
behavior. However, an incorrect voltage sequence selection
could affect its performance [32]. To solve this problem,
an optimal voltage sequence is redesigned in [33], but it
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incurs additional computational burden. To overcome such
computational issue, a new strategy is proposed to adopt fixed
voltage vectors without using the angular information of the
grid-voltage vector or the virtual-flux vector [34]. Moreover,
optimal switching sequence DPC is investigated without using
grid voltage sector information or lookup tables, but it takes
advantage of the discrete nature of the power converter [35].
In [36], the modified MPC-DPC is proposed for a high-power
grid-connected neutral-point-clamped converter with a lower
switching frequency.

The motivation of this manuscript is to design a robust but
simple control law for not only the convergence rate of the
instantaneous active and reactive powers but also the steady-
state performance of VSC, especially reduction of power
ripples and total harmonics distortion (THD) of the output
current. The proposed grid voltage modulated direct power
control (GVM-DPC) method consists of a nonlinear GVM
controller, a tracking controller, and additional feedback. The
nonlinear GVM control generates two new control inputs that
can present the original system in d—g frame without using
a phase-locked loop. Another advantage is that the GVM-
DPC converts the original system into a linear time-invariant
(LTI) MIMO system. Thus, various control methods designed
in d—q frame can be applied to the new LTI MIMO system.
In this paper, the tracking controller consists of feedforward
and PI feedback, which are used to control two separate
second-order error dynamics of active and reactive powers.
It is guaranteed that the closed-loop system with the proposed
method is exponentially stable in the whole operating range.
Moreover, the damping ratio and the convergence rate of the
active and reactive powers could be designed by selecting the
controller gains.

Although the GVM-DPC is firstly introduced in [37], in this
paper, a damping feedback controller is additionally designed
to improve robust property against the model and parameter
uncertainties without losing stability. The simulation results
are compared with the SMC-DPC and PCH-DPC which has a
better performance than SMC-DPC. Moreover, the proposed
method is experimentally tested in order to evaluate the
effectiveness rather than using a hardware-in-the-loop system.

The rest of the paper is organized as follows. In Section II,
the system modeling and the control design of the GVM-DPC
are presented. Section III shows the simulation results using
MATLAB/Simulink and PLECS blockset. Section IV presents
the experimental results of a 2.2-kW-inverter system. Finally,
the conclusions are given in Section V.

II. GRID VOLTAGE MODULATED DIRECT POWER
CONTROL

In this Section, firstly, a DPC modeling of VSC is briefly
introduced. For the VSC system, the GVM-DPC is designed
to make it be an LTI MIMO system, then a feedforward and a
feedback controller are designed to make the error dynamics
stable. Finally, an additional feedback controller is designed
to improve the robust property of the model and parameter
uncertainties without losing stability.

——— ——

Veala + Vepiy

LVepla ~ Vealp |

-
Controller €0

Fig. 1. DPC for a grid-connected two level VSC with an L filter.

A. DPC Modeling of VSC

Fig. 1 shows a simplified circuit of a two-level VSC
connected to the grid with an L-filter. Based on a balanced
grid voltage condition, the relationships among the VSC output
voltages, the grid voltages, and the output currents in the
stationary reference frame can be expressed as follows [20],
[38]:

di
Uy = Rig + L% + Vgas

o (1)
ug = Rig + L?f + vy8,

where u, and ug indicate the VSC output voltages, ¢, and
13 indicate the output currents, vy, and v4g indicate the grid
voltages in a-f frame, and L and R are the filter inductance
and resistance, respectively. The instantaneous active and re-
active powers in the stationary reference frame can be defined
as follows:

3 ) .
P = Q(Uga’a + vgpis),
3 (2)
Q = 5 (vgpia — Vgaip),

where P and () are the instantaneous active and reactive
powers, respectively. By differentiating (2) with respect to
time, the instantaneous active and reactive powers variations
can be expressed regarding grid voltage and output current
variations as follows:

dP 3 (. dvg, diq . dvgs dig
a2 (’adt”gadt“ﬁ at —H)gﬁdt)’

dQ 3 . dvgg dia . dvga diﬁ (3)
dtZQ(za a U a T _dt>

If we consider a nondistorted grid, the following relationship
could be obtained.

Vga = Vj cos(wt), 4@
vgs = Vgsin(wt),

where w is the angular frequency of the grid voltage and
w = 2rf, and f is the frequency of the grid voltage. V
is the magnitude of the grid voltage. Differentiating (4) with
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respect to time, the instantaneous grid voltage variations can
be expressed as follows:

dvga :
Yoo _ —wVy sin(wt) = —wugg,

2 5)
diﬁ = wVj cos(wt) = wvga.

Substituting (1) and (5) into (3), the state-space model of the
active and reactive powers is obtained as follows:

dP R 3

— =——P—-w@Q+ —(vgaua + vggug — V,2),

it~ L 6
dQ 3

o~ Wb - *Q + 57 (Vgptia = vgaug).

B. Grid Voltage Modulated Direct Power Control

As represented in (6), the dynamics of instantaneous active
and reactive powers in a— frame is a time-varying MIMO
system, and both control inputs are coupled in both states P
and Q. Consequently, our main idea is to decouple the outputs
from the two inputs. Define the GVM control inputs such as

Up @ = Vgalla + VgaUgs, 7
UQ = —VgplUa + VgaUg.
Based on the grid voltage (4), the GVM inputs can be
represented in d—q frame as follows:

up| _ v, co?,(wt) sin(wt) | {ua| _ v, udl (g
uQ 9| —sin(wt) cos(wt)| |up 9 uq
where uq and u, are the converter voltages in d—q frame.
The proposed method does not use the PLL, but the system is

presented in d—q frame. Consequently, f(x,u) can be rewritten
as follows:

ar _ —EP W@+ (up — V2),
dQ

pr P‘ZQ‘ﬁ“Q

Notice that, (9) is changed into a simple MIMO system with
the coupling states.

C. Tracking Control Design

In this subsection, a new controller is designed to let the
active and reactive powers track their references. Define errors
of the active and reactive powers as follows:

€p = Pref - P7

€Q ‘= Qref - Q7
where P,..; and ..y are the active and reactive power
references, respectively. Consider the new MIMO system (9),

it still has decoupling terms. Taking a control law with a
feedforward and feedback such as

(10)

2R 2Lw 2L
feedforwa'r‘d
2Lw 2L an
up=22p -2 2y,
3
\—,_/
feedforward

where vp and v are the feedback control inputs. If the
feedback control inputs are designed as follows:

¢
vp =PFPrcy + Kppep + KP,i/ ep(T)dr,
0 (12)

t
vQ =C@res + Kqpeq + KQJ/ eQ(7)dr,

0
where Kp,, Kp;, K, and K ; are controller gains. Then,

substituting (11) and (12) into (9), the error dynamics is
obtained as follows:

t
Pref—P:ép:—Kp’pep—Kp’i/ GP(T)dT,
0 (13)
Q,.ef —Q = éQ = —KQJ,eQ —KQJ‘/ eQ(T)dT.
0

If we define sz =ep and ’l/-JQ = eq, the error dynamics (13)
can be represented as follows:

éP —Kp)p —Kp)i 0 0 ep
dp| _ 1 0 0 0 Yp
éQ o 0 0 —KQJ) —KQJ' €Q
b 0 0 1 0 Yo
i A T
(14)

If Kpy, Kpi, Kgp, and Kg; are taken as positive values,
then A has all negative eigenvalues. In other words, the closed-
loop system is globally exponentially stable. Consequently, the
controller gains could be designed by considering the damping
ratio and settling time. Finally, based on (8), the original
control inputs can be calculated as follows:

= VeP Vst

‘/;2

VgpUP + VgallQ
I 15
V2 (15)
Based on the proposed method, the system is changed into
an LTT MIMO system. Fig. 2 shows the control inputs of the
proposed method when active power is 1 kW and reactive
power is 1 kVar. For the system (9), the control inputs up
and ug are generated as constants, which means the proposed
method has a similar construction to the conventional voltage-
oriented control for VSCs. Consequently, the GVM-DPC
makes a bridge between the DPC method and the conventional
voltage-oriented control. In this paper, we only design the
conventional control algorithm consisting of feedforward and
PI feedback. However, various control methods based on the
GVM-DPC could be designed for (9) to overcome appropriate
issues.

D. Robust Control Design

In the practical operation, (14) could not be affected by the
parameter uncertainties, discretization errors or measurement
noises, etc.

Assumption 1: Consider the LTT MIMO system (9), sup-
pose that there exist uncertainties ép, dg, and A such that

& = fo(z,up.ug,dp,dq)

— wxg + %(uP - Vg2) +0p
— fa2+ 5puq + 0

By (16)

w1

)
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Fig. 2. Relationship between GVM-DPC and conventional DPC.

where dp and d¢g are bounded such as
0<15p| <A, 0<|5g| <A

In VSC systems, a parameter uncertainty depends on the
inductance, frequency or grid voltage. Of course, given an
operating point, we need to estimate the upper bound of
uncertainty, A. It is obvious that the regulation with the
control law (11) with (12) always guarantees the exponential
stability of the operating point for the nominal plant. The
integral action compensates any DC offset due to model
parameter uncertainty Furthermore, small perturbation from
the equilibrium point is ultimately bounded by the exponential
stability. Thus, Assumption 1 is reasonable without loss of
generality.

Proposition 1: Consider the new MIMO system (9). If we
take a control law such as

t
Up :Pref-l-Kp’pep-FKp’i/ €p(T)dT+KPSgn(€p),
0

t
VQ =Qrey + Kqpeq + KQ-,i/ eq(r)dr + Kosgn(eq),
0
a7

where Kp > A and K¢g > A, then the closed-loop system is
also exponentially stable.

Proof: When ép = 0 and dg = 0, the closed-loop system
is exponentially stable based on (14). When ép # 0 or d¢g # 0,
we just consider dp and dg terms for simplicity. Consider a
Lyapunov function candidate such as

1 1
V= 56213 + fe?Q.

5 (18)

The time derivative of (18) could be obtained as follows:

V =ep(6p — Kpsgn(ep)) + eq(dg — Kosgn(eg)). (19)
If the controller gains are taken as Kp > A and Kg > A,
then

V < —Kaplep| — Kaglegl, (20

where Kap = Kp — A and Kag = Kg — A.

Fig. 3 shows the block diagram of the proposed method.
Notice that the proposed method presents the dynamics in d—
q frame without PLL.

TABLE |
SYSTEM PARAMETERS USED IN SIMULATION AND EXPERIMENT
Parameter Value  Unit
DC-link voltage 250 \Y%
Line to line voltage(rms) 133 \'%
Rop,c 0.12 Q
Loy, 38 mH
AC frequency 50 Hz
Switching frequency 10 kHz

I1l. SIMULATION RESULTS

The performance of the proposed method is verified by
using a MATLAB/Simulink and PLECS environment. The
topological model of the VSC is built by using the PLECS
library, and the controller is implemented by using MAT-
LAB/Simulink. The transient and steady-state performance
of the GVM-DPC is compared with that of the PCH-DPC
designed in [24] and the SMC-DPC designed in [20], which
shows a better performance than the conventional DPC and the
classical vector control designed in d-q frame. The parameters
of the system used in the simulation and the experiment are
described in Table I.

Fig. 4 describes the tracking performance of active and
reactive powers, when the active power is stepped up from 0
to 1 kW at 0.02s and then back to 0 at 0.06s, and the reactive
power is stepped up from O to 1 kVar at 0.04s and then back to
0 at 0.08s. By comparing with the active and reactive powers
tracking performance of the PCH-DPC and the SMC-DPC,
the GVM-DPC has significantly reduced ripples both in active
and reactive powers. Moreover, the GVM-DPC has a faster
tracking performance in active powers and a smaller overshoot
in reactive power than those with the PCH-DPC and SMC-
DPC. Unlike to the PCH-DPC and SMC-DPC, the proposed
method has no need for consideration about switching delay
or harmonics, and consequently, there are no difficult deciding
boundary layer values. In addition, the proposed method gets
the decoupled error dynamics of active and reactive powers
which are globally exponentially stable. These features are
similar with those designed in the d-q frame. As shown in
Figs. 4(b), (d), and (f), it is clear that the output currents also
have significantly reduced ripples in the proposed method.

The main disadvantage of DPC method is the steady-state
performance (i.e. power ripple) compared to the methods
designed in d-q frame. However, the proposed method over-
comes that problem because it obtains a decoupled LTI error
dynamics which is proven globally exponentially stable, which
is the same as the methods designed in d-q frame. To validate
this property, we set the active and reactive powers as 2 kW
and 1 kVar, respectively. Fig. 5 shows the comparison of the
harmonic performances of the output currents from 3rd to 49th
harmonics. The GVM-DPC with sinusoidal PWM has the cur-
rent THD of 1.4% which is less than 5% as commonly required
for grid operation [39], which is hardly achieved in the PCH-
DPC (THD=5.6%) and SMC-DPC (THD=6.0%). Therefore,
the proposed GVM-DPC improves the harmonic spectrum of
the output current without loss of transient response.
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Fig. 3. Controller block diagram of the proposed GVM-DPC.
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Fig. 4. Performance of the SMC-DPC: (a) active and reactive powers, (b) output currents; the PCH-DPC: (c) active and reactive powers, (d) output
currents; the GVM-DPC: (e) active and reactive powers, (f) output currents.
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Fig. 5. Comparison of harmonic contents with the SMC-DPC, PCH-
DPC, and GVM-DPC methods.

In order to test the feasibility of the proposed method in
the low switching frequency application, we set the switching
frequency of the VSC to 2 kHz. From Fig. 6, we can observe

that the active power tracking performance of the proposed
method with 2 kHz switching frequency. It is shown that the
proposed method does not lose the feasibility.

V. EXPERIMENTAL RESULTS

The performance of the GVM-DPC method is also vali-
dated by using a Danfoss inverter (three-leg three-phase 2.2-
kVA inverter with an L filter) and grid simulator, as shown
in Fig. 7. The proposed control algorithm is developed in
MATLAB/Simulink and compiled to dSPACE1006 system to
switch the VSC. The switching frequency of the VSC is set
to 10 kHz. The VSC is connected to the grid simulator, which
emulates variable grid conditions.

0278-0046 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/T1IE.2018.2801835, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

2500 T |
2000

T
L

- A
o o
o o
o o

P (W) & Q (Var)
(3]
S

o
=

&
=]
S

0 0.02 0.08 0.1

N
o

-
o

Current (A)
o

10
20 ‘ ‘ ‘ J
0 0.02 0.04 0.06 0.08 01
Time (s)
(b)
0.3
o
Eo02
Eoa
go.
0.0 1 J\HI i LL
00 02 04 06 08 10 12 14 16 1.8 xled
Frequency
(©)

Fig. 6. Tracking performance of the GVM-DPC with 2kHz switching
frequency: (a) active and reactive powers, (b) output currents, (c) current
harmonic spectra.

A. Tracking performance

The first test starts with the active power reference changing
from 0 to 1 kW and maintaining and being back to 0, as
shown in Fig. 8. In Fig. 8(a), the GVM-DPC has a fast
transient response in active power tracking performance with
a small overshoot. Fig. 8(b) shows the reactive power has a
small overshoot but smoothly converges to its reference value.
Fig. 9 shows the transient response using the GVM-DPC when
the reactive power reference changes from 0 to 1 kVar and
maintains 0.3s and goes back to 0. In this case, the GVM-
DPC also has a fast transient response as well as low active
and reactive power ripples.

B. Steady-state performance

The THD of the measured grid currents is illustrated when
active power is 1 kW and reactive power is 1 kVar, as shown
in Fig. 10. The THD of the output currents is measured as
1.9% by using the power analyzer, which is much less than
the required THD value for grid operation.

C. Robustness performance

To validate the robust property, a low voltage ride through
performance of proposed control technique is demonstrated in

Chroma Grid =
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Inverter

N

Fluke Power

B

' 2
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Simulator i

iDanfoss
Elnverter

|
/| Controller |
| implemented|
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|
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|

| G—

: Data

|

JI Command|
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Fig. 7. (a) Experimental setup in the laboratory, (b) generic system
architecture.

—
|
|
|
|
|
|
|
|
|

Fig. 11. A 10% voltage sag suddenly produced at 1.1s when
the system injects 1 kW active power into the grid simulator
and regulates 0 Var reactive power. The active power has a
small overshoot (less than 10%) and converges to 1 kW, and
the reactive power regulates O without overshoot, as shown in
Figs. 11(a) and 11(b). Furthermore, the control performance
is compared to the presence of line inductance variation. The
line inductance in the control algorithm is set to 75% of the
original value. The performance is similar to that without the
line inductance variation. In addition, we insert 0.7% 5" and
0.7% 7" harmonics by using the grid simulator. The THD
of the output currents is slightly increased to 2.4% when the
THD of the grid voltage is 1.0%, as shown in Fig. 13. It
still satisfies the requirements of grid operation. We also test
active power tracking performance when the grid voltage has
5" and 7t" harmonics. From Fig. 14, the tracking performance
is not deteriorated. Finally, we test the robustness property to
the grid frequency. The grid frequency is suddenly decreased
from 50 Hz to 49.8 Hz by using the grid simulator, as shown
in Fig. 15(a), while active and reactive powers are regulating
1 kW and O Var, respectively. The performance of active and
reactive powers does not affect by the grid frequency deviation
as well as the output currents, as shown in Figs. 15(b), (c), and
(d). Consequently, we can conclude the proposed GVM-DPC
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uncertainties. In the future work, the low switching frequency
application and unbalanced systems will be further studied.
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