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Abstract

This paper proposes a possible circuit topology and volt-
age controller design for connecting a DC-AC converter to
the power grid. This converter is meant to operate in con-
junction with a small power generating unit. The design of
the output voltage controller is based on H> and repeti-
tive control. This leads to a very low harmonic distortion of
the output voltage, even in the presence of nonlinear loads
and/or a distorted grid voltage (The complete controller has
also other components besides the output voltage controller,
which will be discussed elsewhere). The output voltage
controller contains an infinite-dimensional internal model,
which enables it to reject all periodic disturbances which
have the same period as the grid voltage, and whose highest
frequency components are up to approximately 1.5kHz.

Index Terms: Repetitive control, DC-AC power converter,
H*° control

1 Introduction

For various reasons, there is today a proliferation of small
power generating units which are connected to the power
grid at the low-voltage end. Some of these units use syn-
chronous generators, but most use DC or variable frequency
generators coupled with electronic power converters. For
example, wind-turbines are most effective if free to generate
at variable frequency, so they need AC (variable frequency)
to DC and then to AC (50Hz) conversion [1]; small gas
turbine-driven generators operate at high frequencies and so
they also require AC-DC-AC conversion [2]; photo-voltaic
arrays require DC-AC conversion [3]. The distribution net-
work has relatively high supply impedances and distortion
of both voltage and current waveforms are prevalent be-
cause of the existence of many non-linear loads (e.g. rec-
tifiers, arc furnace etc.). The DC-AC power converters con-
sist of semiconductor switching elements and passive com-
ponents for filtering or short-term energy storage.

The power converters must track sinusoidal voltage refer-
ences subject to non-sinusoidal current disturbances from
rectifier or other nonlinear loads and a possibly distorted
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grid voltage. The converters are advantageous here because
they offer control possibilities not present in conventional
generators. In principle, the instantaneous output of the
power converter can be controlled to ensure that, despite
distortion of the current in the network by some customers,
other customers can receive an undistorted supply. Repeti-
tive control [4, 5, 6, 7] offers a much better alternative for
voltage tracking, as it can deal with a very large number
of harmonics simultaneously, and even with several distur-
bances at different frequencies.

In this paper, we propose a circuit topology for connecting
a DC-AC converter to the grid and we propose a certain
design for the output voltage controller based on repetitive
control, which leads to a very low harmonic distortion of the
generated voltage, even in the presence of nonlinear loads.
The main idea in the topology is that we create a “local grid”
which is separated from the external grid by an inductor.
The consumers connected to this local grid are called local
consumers and the converter is connected to the local grid.
This separation enables us to control the voltage of the local
grid with high precision, even if the local consumers are
highly nonlinear.

The voltage on the three phases of the local grid must track
given sinusoidal reference signals. Assuming that the track-
ing is accurate, the amount of active and reactive power gen-
erated depends on the amplitudes and phases of these refer-
ence signals, which must be carefully synchronized with the
grid voltages (without being equal to them). For this reason,
the reference signals must be generated, taking into account
voltage and current constraints, by another controller, called
“power controller”. This will be discussed elsewhere. In
this paper, the reference signals are considered to be given
and we only solve the tracking problem.

2 System description

The three phase power system consists of the converter (in-
cluding the IGBT bridge and LC filters), the local con-
sumers, the separating inductor and the (external) power
grid. We regard this system as three independent single-
phase systems, even though this assumption may be wrong,
with coupling between the phases present in some con-
sumers. The electrical diagram of one single-phase system,



which is our plant to be controlled, is shown in Figure 1.
The inductors are modelled, taking into account their high
frequency behavior, as an ideal inductor in parallel with a
resistor and then in series with another resistor. The current
source iz models the harmonics caused by nonlinear loads
and/or disturbances. Our control objective is to maintain the
local grid voltage V,,,; as close as possible to the given ref-
erence voltage V,..¢. The two switches S, and S, appear-
ing in Figure 1 are needed in the start-up and shut-down
procedures of the converter. In this paper, the switches are
considered to be closed. The parameters of the system are
shown in Table 1. The switching frequency of the IGBT
bridge is 10kHz. The PWM block is designed such that for
|u(t)| < 425V, the local average of the bridge output volt-
age uy equals u.

We take the state variables as the currents of the three in-
ductors and the voltage of the capacitor (V. = V,, since
S. is closed). The external input variables are i4, V, and
Vrey and the control input is . Thus,

le Z.d
ig w th
T = . , -— - =
13 u Vref
V. u
The state equation of the plant is
. w
:I?:Ailf—f-[Bl Bg]|: :|, (1)
u
where
o Ryry 0 0 i
(Rj+rs)Ly o (R/tT/)L/
A= 0 ~ @etro)ls 0 @ty
T I ?
2 TO - (Rtr)L (R1+r)L .
a0 Wrrgo e (wi t Ry )0
0 0 0\ mEg
0 " _ 01 0
B, B, ]= (Ratra)ls
[ B B ] 0 0 0, 0
1 1 01 1
G Watr)C V| Bytr)C

The output signals from the plant are the tracking error e =
Ve — Ve and the current i, sothaty = [ e ' i, ]T. The

output equations are
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The corresponding transfer function is
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where we have used the compact notation now standard in
control theory, see for example [8, 9].

3 Controller design

We will follow the H°° control-based design procedure for
repetitive controllers proposed in [4], which uses additional
measurement information from the plant. The block dia-
gram of the control system is shown in Figure 2. The three
external signals (the components of w) are assumed to be
periodic, with a fundamental frequency of 50 Hz. The con-
troller consists of an internal model and a stabilizing com-
pensator. The internal model has an infinite sequence of
pairs of conjugate poles of which about the first 30 are
very close to the imaginary axis, around integer multiples
of 27 - 504, and the later ones are further to the left. The
stabilizing compensator assures the exponential stability of
the entire system. The error will then converge to a small
steady-state error, see [4] for details.

As in [4], the internal model is obtained from a low-pass
filter with transfer function

W(s) =

with w. = 10000 rad/sec, cascaded with a delay element
with transfer function e~7¢%, where 7 is slightly less than
the fundamental period 7 = 20msec:
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After closing a positive unity feedback around this cascade
connection, we obtain the internal model, as can be seen in
Fig. 2. The choice of w,. is based on a compromise: for w,
too low, only few poles of the internal model will be close to
the imaginary axis, leading to poor tracking and disturbance
rejection at higher frequencies. For w, too high, the system
is difficult to stabilize (a stabilizing C may not exist, or it
may need high bandwidth).

According to [4], the closed-loop system in Fig. 2 is expo-
nentially stable if the finite-dimensional closed-loop system
from Fig. 3 is stable and its transfer function from a to
b, denoted T, satisfies || Tyq||,, < 1. Thus, we have to
design C such that the above two conditions are satisfied.
Moreover, we want to minimize 1& while keeping v < 1,
where

Y = ”Tew”oo y V= ||Tba||oo .

Indeed, we know from [4, Section 5] that a small value for
1% will result in a small steady-state error.

We formulate a standard H°° problem for the control sys-
tem shown in Figure 3, where @ = [vy vy w]T and, in terms
of Laplace transforms,



Here, £ and p are nonzero parameters whose choice gives
us more freedom in the design. The small parameter y is in-
troduced to satisfy a rank condition needed to make the H>°
problem solvable and 1, is a weighting function whose
value at infinity, D,, = W, (c0) # 0, is also needed for
a rank condition. The problem formulation here is a slight
improvement over the one in [4], where W, was a con-
stant. The fact that W, is frequency-dependent allows us to
choose it as a high-pass filter. This has the effect of reducing
the controller gains at high frequencies. The realizations of
W, and W are:
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and the generalized plant P can be represented as
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Using the p-analysis toolbox from MATLAB™, we can
find a controller C which nearly minimizes the H°°-norm
of the transfer matrix fromw to 2, T;; = }‘l(f’, C). How-
ever, this is not our final objective. We denote the central
sub-optimal controller for a given norm of Tz by
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(note that its feedthrough matrix is equal to 0). After some
manipulations, we obtain the realizations of T.,, and Ty,,
respectively, as
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It is worth noting that the equations (2), (3) and (4) are valid
for the general case, regardless of the dimension of the mea-

surement vector, which here is the scalar i..

Using the parameters shown in Table 1, a nearly optimal
controller, for which the Bode plots are shown in Fig-
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ure 4, is obtained using W, (s) = {

W(s) = [ _12000 I 10800 },5: 14 and p = 0.5 (these
latter two were determined after an extensive search to min-
imize 17_—07 while keeping v < 1). The Bode plots show that
this controller is not realistic, because it has a very large
bandwidth. In order to decrease the bandwidth, we do not
minimize the H°°-norm of (P, C) but find a central con-

troller C such that H}‘l(f’, C)H is less than a given posi-

tive number (which is larger than the minimal value). The

Bode plots of an implementable controller are shown in Fig-
ure 5.

4 Simulation results

4.1 Nominal responses

Under the nominal conditions, the system obtains quite
good performances. The output voltage and the tracking er-
ror are shown in Figure 6. The simulations are done in two
different ways: with PWM block and without PWM block.
In the first situation, the steady-state tracking error is about
0.5 V (peak), as shown in Figure 7(b), and in the second sit-
uation it is about 15V (peak) (omitted because of page limit,
but can be seen from Figure 6(b)).

A very large current surge (about half of the nominal load
current), as shown in Figure 7(a), is applied to simulate the
disturbance-rejection performance. The response is shown
in Figure 7(b). As can be seen, the system has quite good
capability to reject such a disturbance.

4.2 Responsesto load changes

In this simulation, the load is changed to be a pure resistor of
6€). The output voltage and the tracking error are shown in
Figure 8. The performance degradation cannot be observed
from the figures.

4.3 Responsesto grid distortions

Assume that the grid voltage is distorted as V, =
325sinwt + 32.5sin(3wt + ) + 81.25sin(5wt + §), as
shown in Figure 9(a). The static tracking error is less than
1 V (peak) as shown in Figure 9(b). Although the external
grid is distorted so much, the local grid is very clean. (In
order to make it clearer, the disturbance i, is set to 0 and

the PWM block is not activated in this simulation.)

5 Conclusions

This paper presents a possible circuit topology and the con-
troller design for a grid-connected DC-AC power converter.
The controller is designed using H°° control and repetitive
control. Simulations show that the local grid voltage tracks
the sinusoidal reference signal, even if there are nonlinear
loads and the external grid is considerably distorted. When
the load changes, the output voltage of the local grid tracks
the reference voltage after a short transient.
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Figure9: The grid voltages and the tracking error



