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1.0 ABSTRACT
The design ph:‘in.;mph_r for a stand alone
photovoltaic system supplying an AC load is to
provide symmcivical three phase vollages with
consteant frequency and amplitude. This is often
achieved through the introduction of a fourth leg
to the usual three phase inverter, which presents
severe challenges in both analysis and
implementation. Inthis paper acontrol strategy
incorporating a reduced order disturbance
observer and feed forward disturbance
canceling in the state space is presented
Sinudation results for balanced and unbalanced
load show siable dyvnamic pevformance of the
amplitide and frequency profiles of the output
results further

voltage. Experimental

authenticate the proposed control technigue.

Key words: stand alone photovoltaic systems,
disturbance canceling, reduced order observer,

divital control.

2.0 INTRODUCTION

Most developing countries of Africa and Asia
are usually characterized by small pockets of
settlements which are remote from the cities.
With regards to power supply to these
communities, econoniic considerations clearly

indicate that grid connection is not viable.

Consequently. photovoltaic svstems either as
stand alone or highbred with other systems
have been canvassed as a viable option [1.2].
However, the design of ‘stand alone
photovaltaic systems supplying AC  loads
presents severe challenges in both analvsis and
to be

introduced to the usual three leg nverter to

implementation. A fourth leg has
formthe socalled 4-leg inverter system which
functions to ensure a balanced three phase load.
The control of this inverter is the subject matter
of'this paper.

In principle. the task of a four leg Voltage
Source Inverter (VS1) for standalone
photoveliaie svstems is to produce symmetrical
three phase sinusoidal voltages from a DC
voltage source, so that three and single phase
loads can be supplied with AC voltage with
constant amplitude and frequency.
Unfortunately the consumer in a standalone
power supply net may be unknown and here
underlies an arbitrary load profile. In the worst
case the load profile represents switching on or
off at full load. In a photovoltaic standalone
power supply net the consumer could be three
as well as single phase. Therefore, a neutral
connection is needed to control each phase

voltage independently. Different topologies to
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realize the neutral connection are discussed in
[6]. The generation of the neutral connection
using a fourth leg is advantageous because a
smaller DC link capacitor can be used and a
modulation grad of 1.16 can be theoretically
reached when using the three dimensional space
vector modulation method [4]. From the contral
point of view, the load current represents 4
disturbance which affects both the outpul
voltage and the inductance current of the output

filter.

In the technical litcrature, a number of
strategies for controlling such a system has
been presented [8, 9, 10, [1]. One thing unique
about the listed approaches is that they are
applicable to situations of symmetrical lpad. In
[3]. an unbalanced load is considered by
mtroducing a major voltage control loop and &
minor current loop. Both feedback loops
deploy a Pl-regulator in the rotating dgo
coordinate, Because the load is unbalanced. an
additional loop for the o-sequence current and
voltage must be implemented to ensurc
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Figure 1: Control Strategy

symmetry. This approach has been applied to
the control of UPS systems [11]. Tts major
advantage is simplicity of implementation,
especially. in the analog domain. Major
constraints in the digital domain are the
computation time and sampling rate.

It is well known that micro-controllers have

relatively higl calculation time and slow
analog to Digital (AD) converters. Hence
implementation Pl-control for a four-leg VSI
on such a microcontroller will fail to achieve
output voltage symmetry for an unbalanced
load. This is because, the d, q and o-component
of the output voltage contain additional
oscillating quantities. In consequence, the PJ-
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regulation can only cause a phase shift without
canceling the error completely. Furthermore.
the long computation time will introduce a non-
negligible deadtime which impacts negatively

on overall system stability,

This paper adopts an approach which eliminates
or mitigates against the above disadvantages,
Baoth feed forward disturbance canceling and a
reduced order disturbance observer are
incorporated in the state space mode] while a
three dimensional space, vector modulation is
applied to the four-leg inverter. The result is a
higher utilization of the DC-link voltage and the
climination of the load current measuring
devices which is now estimated by the observer.
The efficacy of the proposed technigue is
illustrated using simulation and experimental

resuelts,

This paper is organized as follows: Section 11
presents the philosophy of the proposed control
approach while the 4-leg VSI formulation is
discussed in Section IIl. Extensions of the
model to include the load current and the
reduced order observer are described in
Sections IV and V respectively while the
hsturbance decoupling and its cancellation
using a ﬁzc_dibm'ardIcunlrﬂller are explained
successively in sections VI and VI The
strategy for voltage control is outlined in section
VI while simulation and experimental results
are presented in sections IX and X respectively,
ony to be followed by the concluding remarks
insection X1,

3.0 PROPOSED CONTROL
As stated above. the main control burden is o
maintain constant amplitude and frequency of
the output yoltage, This should rémain so
irrespective of the load parameter and
asymmetry factor. The secondary control
objective is to keep the DC link voltage
constant and to protect the inverter from over
current, Figure 1 illustrates the block diagram
ofthe control strategy. For the main objective of
the control the three capacitor voltages and
inductance currents are measured. For the
secondary objective of the control the DC link
voltage is measured. Because. The AD
converter on the microcontroller works in a
multiplex manner, a sample and hold unit is
used to get the digital values of the measured
voltages and currents at the same time. The
whale conversion time is 70iis. As the output
voltage 1s sinusoidal, the use of a conventional
Pl- controller will discard. becavse the 1-
fraction will not guarantee stationary precision,
otherwise it will only cause a phase shift. For
this reason the control is designed in the
rotating dqU coordinate. The phase voltages and
currents are multiplied by the complex operator
e-jwkTs. with the result that ac quantities will
become de guantities which can be regulated

with a Pl-contral.

Afterwards the transformed phase voltages are
compared with the reference value and the error
signal is led to the voltage Pl-controller, The
transformed phase currents are fed back using
the stat feedback matrix Ki, In this way the
eigenvalues of the close loop plant will be
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L

shifted to an appropriate place in the z-plantto
enhance the stability reserve and system
dynamic. The ecalculation of the control
algorithm in the microcontrotler leads to a time
delay of one sampling period. This is presented
by the block 1/z, where z is the discrete shiit
operator. The delayed control signal can be
regarded as a state space variable and thus ean
be fed back through the feed back matrix Ku.
The control signal will then be bounded to
realize the over current protection. After that the
control signal is transformed to the stationary
coordinate of the output voltage by multiplying
with the complex vector ejwkTs, The three
dimensional Space Vector Modulator (3D
SVM) generate the switching signals of the
power transistor of the four leg VSI. The control
of the DC link voltage is realised with a PI-
regulator. The control signal represents the duty
cvele for the boost converter to ensure a
constant DC link voltage,

As long as the load is symmetrical, the PI-
regulator is able to fulfill the demands of the
major objective. If the load is unsymmetrical,
the output voltage is composed of positive,
negative and zero sequence, The negative
sequence in the rotating dq0-coordinate

Lu n
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oscillates with the double frequency of the
output voltage.  As the sampling rate is
relatively low (333ms), the P! regulator will
suffer from a velocity error and will not be able

to compensate the disturbance completciv, This

problem can be solved by feeding forward the

load carrents which act as a disturbance on the
plant. In the proposed system, the load currents
will not be measured, theretore a disturbance
madel and an observer reduced order are used 1o
estimate the load currents’ The matrix Kw is
used to feed forward the estimated load currents
to the output of the voltage control foop.

40 VOLTAGE SOURCE INVERTER
MODEL

The topology of this inverter is shown in figure
2. One can recognise the three standard legsand
the additional 4" leg. In this case the star point of
the load and the output filter is connected (o the
4" leg, A boost converter is connected to the DC
link to realise an operating DC link voltage of
630V. Neglecting the inverter losses, each
mverter leg canbe miodelled as an ideal switch's.
which can be either s=1. if the upper power
transistor is on and the lower one isoff, ors=1. if
the upper on isoff and the lower one ison. In this
case the load underlies either the positive por
negative n potential of the DC link.
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Figure. 2 : 4 leg inverter with boost convertor
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The control -signal  generated in | the
microcontroller represents the voltage mean
value between each phase and the neutral leg
N. The three dimensional space vector
mocdulator converts these control signals to 4
switching signals for each leg.

ey
pk

1'..\' - 1-1-!I = Vﬁ-n = ()

where d.e{1.-1} 15 the mean value of the
control signal.

i diy
Vi m Ll Ry vy, = Ly =i R XS W
it di

The phase currents can be written as:

v
IR i PR R
d R

and
Ly

R

Defining

i R I L,
L= Ly Ly+L Ly and
\ Ly L., L,*¥lj
(R, +R.) R R
K= RL\- {R.l + Ruv:' H.L\'
R- Rm’ (Rr * Rl.\' }

The differential equations of the veltages and
curtenis of the 4 leg inverter can be
represented as the following:

and
i O T [’i )
{f-'h“-'ll o 1 L 4 Acnzr%ln 8 €
“lo o 1) lo o 1)
Acy = L Mgy = Lo R
I“i 0 D]
(ﬂ:ui‘—ﬂ I DH,“L'L':L."--
o o 1)
{6) ) . :
The brief form of the above equalions 1s:
i!r‘? .'='Ar|| Ay 'T_- .r'l L - ir-B‘11| i
dt\ i A Hoelh B I 2008
i . . {“_}
¥ =~ | (12)
Wy

From the state space representation (11) and
{[gg&] it is obvious that the disturbance iy
directly affects the output voltage and
indirectly the output current. Using simulation
tools such as MATLAB and considering a
time delay of one sampling period, the
discrete state space plant model of the 4 leg
VSI in the rotating dqO-coordinat can be
written as:

jh.m

9 )

(‘li'llu'-;ELrAllll ﬁuuwvt‘nl]irﬂm Wd +[E|IT1I
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(13)
{14)
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b

Where d is the normalised control vector. The
delayed control vector d in (13) can be
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regarded as

a state space variable. so that equ. (13) can be
written in the following form.

[ ¥ak r“a“un A B'-sll.\lr"'l.m [0 {Ellli'
b [Zidun Aan B‘A:J iy |H'd +1Ey, liy,
ld, Lo 0 0 L:Iu .l ln ]
¢
I o @ | ol
Y= (" 1 n]l )
: d,

The standard short form representation of the
discrete state space plant mode! is as follows:

x,,, = Ax, +Bu, +FEz,

y, =Cx,
with
""ﬂil r‘dl‘. Bd| n Eﬂl
A=A, A B, .B=|0LE=E;|
0 0 1] | 1]
Ynh}']
X = il'“
dy 'JJ
1T 00 s
az[ﬂ / “].“J. =d, and z, =i
5. MODEL OF THE LOAD CURRENT

To reconstruct the load currents. an exact
knowledge is necessary about the propertics of
the load current track in the dg0-coordinate. If
the load is balanced. the d- and g-component
are DC guantities and the O-component is
zero.

If the load is unbalanced both the d- and g-
component contain an additional AC quantity.
that oscillates with the double frequency of the
output voltage.,

The O-component is not egual zero and
oscillates with the same frequency as. the

putput voltage. The phase shift between the
AC quantities of the d- and g-uxis is 90%

According to this knowledge, the load current

can be represented as differential equations.

The load current discrele state space mindel
(1840 be written as follows:

5.7 AR, (19)
v, =C3, (20)
(16}
with
cos ?w?') sin{2aT, ) L] i ]
e cos( 2T, ) 0 il |
E ] o cos{wT, ) sinlwl, )
i 0 i ~sinleT, ) GOS[MT.,]J
and
(17} ) n 0 0
0 U A
(f L0 o U_J

The factor 2 in the system matrix A indicates
the double frequency and the structure of the
top sub matrix indicates 90° phase shift
between the d- and g-axis of the load current
mode!. The bottom sub matrix is used 10
model the O-sequence component of the load
current.

6. REDUCED ORDER QBSEVER

The reduced order observer is constructed
from the state space model of the plant and
load current. Substituting (19-20) in (17-18)
The state space model of the 4 leg VSI can be

EK])F!_’.SSE(! S
_\[ ]
iJ

"l.u

y, =(C ﬂlx

Lt

The reduced order observer equation is:

i = (R -HEC)r, - B, + (A - HECH-1A)§,
(23)
(24)

£ =r+H¥,

where fi =x, and 1 4x9 observer matrix.
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The implementation of the reduced order
observer on the SOCI66 s very simple and
regarding  the caléulaiion ume it is  fust
enough. There are 25 muluplications and 25
additions and they will need about $0us.

7. DECOUPLING THE DISTURBANCE
SIGNAL

‘There are many possibilities to compensate or
mifiimize the effect of the disturbance
(disturbance decoupling). Only in special
cases, the disturbance is suppressed without
taking additional measures, This is the case
when all column of the disturbance matrix E
can be represented as 4 linear combination of
those eigenvectors v of A so that Cr=0 Error!
Reference source not found.. When such a
disturbance decoupling at the output y does
not exist. one can apply the states feedback
low wi=-Kx; to force this decoupling or at
least o minimise the disturbance influence.
Another possibility is 0 feed forward the
disturbance. Applying z-transformation to (17)
and (18) the output of the plant can be written
as:

¥lz)= E{:I - .ﬂui:}e C{

:[_—_A]:Ez(:]

(25)

where G, the reference transfer function and
G, the disturbance transfer function of the
plant,

Disturbance decoupling is given when

ulz)=~(G,(z)"'G (r)e(z)- (26)

Equation {26) represents a dynamical
dhsturbance  decouplig, Disadvantages can
arise congerning the practical implementation
and realisation of (206). In addition. it can
affect the stability of the plant [10]. That is
why the stationary decoupling is maore
preferred, which is given when the influence
of the sum Bw+Ez, in equation (17) is
minimised by choosing u,=(B'By'B"Ez,.

Because of the proximity of this expression
the remaining effect of the disturbance is niot
quantifiable. An alternative is the Stationary
disturbance feed forward of (26).

ulz)=-{G, ()G, {t)zls) (27)

8. FEEDFORWARD DISTURBANCE
CONTROL

The disturbance feed forward design rests
upon {21-22}, in contradictory to (27). can be
used for any disturbance model. by applying
u,=-K,% -Kx, , where K, the stites
feedback matrix and K, the disturbance model
states feed forward matrix. The problem o
solve is to find an appropriate matrix K, so
that the eigenvalues of the disturbance model,
in this case the eigenvalues of the matrix A,
will be unobservable. For a single eigenvalue
A, this means that [C 0lv=0. where v is the
cigenvecktor of A (Gilber-criterion), The feed
back matrix K, is assumed to be already
known and integrated in A. This can be easily
done by using some pole placement tools like
in MATLAB. Assigning the index 1...n to
the eigenvalues of A and n+l,..n+s to the
eigenvaluse of A. the eigenvecktors
Faspe-o¥aes  €an be calculated from  the
following eguation.

and (28)

Vo =02, 1= AV EC-BK, v, ., (29}
applying the Gilbert-criterion 1o (29)
(o u{""" .iz{j\.l o and (30)
Wil o
(i)
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;.*(z]:('lzlnr‘\I"Iiuf.r.}i-f?uI-.-*L]'"Hz{r.}
Glz) G, lz)
and finally the feed forward matrix can be
expressed as:

(il V0 IR It Ll (-0 8 20 &
R

(32)

K, =

b

This method of disturbance decoupling was
introduced by B. Lohmann in details in [10].

4. Vorrack CONTROL

As mentioned before the states feed back
mateix K, was chiosen in such a way o place
the poles of the plant au an appropriate
position  in z-plane o get fast dynamic
performance. Only the currents iy, and the
delayed control signals dy, were fod through
this matrix. This was enough to get a stable
performance and fast current response of the
plant. A P control was applied to the voltage
to guarantee the stationary accuracy and to
decouple the d-, q. and O-axises from each
other. The control structure s llustrated in

figure 3.

Figure 3: Principle of the voltage comtrol loop
with
distirbance decoupling

10, SDIULATION RESULTS

Figure 11 and 12 illustrate the simulation
restilts of the proposed control with and
without load current disturbance decoupling
for the following load cvele

0,000,045 halanced load

(l.=ti,=1.=16.3.20)

(L04-0.085  balanced

(=l =l,=3.24.0)

(LOB-0.125 unbalanced load (1,~42.04.9,
1.=1.23.24)

load

From figure 4 one can see that the P control
alone is only able to compensate 1! ¢ load
current disturbance when the load is balanced.
That is because the load current posive
sequence will be a DC quaniity in the
synchronised dgl-coordinate. When the load
is unbalunced. in addition to the positive
sequence, the load current will contain also a a
negative sequence. which oscillates with the
double frequency of the rotating dg0-
cordinate. and a zero-sequence which has the
same frequency as the dgO-cordinate. The Pl
control will not be able to compensate this
oscillations completely especially when the
sampling frequency is relatively low. From the
simulation’ tesults one can sec the high
dynamic performance of the ntroduced
ohserver based control method as  the
disturbance of the output voltage is quick.;
compensated.

(V] - '. lT =

o 002 0.04 008

Fipure 4: Volrages of the owput filter
withont disturbeice decoupling
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Figure 5 : Voltages of the owtput filter with
disturbance decoupling

The output voltage can be expressed as a
superposion of  the disturbance transfer
function, in this case the load current. and the
output voltage reference transfer function.
This relation is shown by the following
expression;

(v (z) G,(z) waz] 0 :'H'I[z:}
V(.g{z}Jz[-Gw_{:] G (z) 0 "-M{:}]*'
(Veol2) 0 0 Gule))\islz)
(G.lz) G,0z) o Y ulz)

-Gz} G, (z) O vi(z)

.o 0 Gl wlz)

From the above equation the disturbance to

output transfer function of the d- and 0-axis of
the output

(33)

voltage are: . !
"’n:{5}'—"‘:‘#{Z}fu{z}'-‘cm{z.]fm{z} (34)
V:'ﬂ{z}; G;u{-’-'}fl.m{z} (35)

Fig. 6 and 7 show the bode diagram of G,
and G'zq.

If the load is balanced the load current in the
dq0-coordinate  will contain only DC
quantities, which have a high dumping at
Ofrad/sec). If the load is unbalanced, at the
point of intersection. both G, and G, has the
same magnitude and a relative phase shift w
each other of 90°. The intersection point
frequency is 100Hz which is the frequency of
the negative sequence in the rotating dq0-

coordinate. As mentioned in section IV, if the
load is unbalanced the relative phase shift
between the AC quantities of the d- and g-axis
13 90°. This will result in a total phase shift of
180°. and the disturbance at this frequency
will be cancelled as can be seen from fig, 6.

8
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Figure 6 : Bode diagram of the disturbance to
anlput transfer function
(d-axis of the output voltage )

The bode diagram of the 0-load current to the
output O-voltage of equation (35) shows at
50Hz a notch filter characteristic, so that any
disturbance at this frequency will be highly
dumped, as shown in fig.

T TSR

Magnitude [db]

Phase {deg]

R

T wsIm0Hz W Frequency (dises)

Figure 7: Bode diagram of the disturbance to
auipit transfer function

(Chaxis of the ontput voltage)
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1. EXPERIMENTAL RESULTS

For experimental purpose five 1200V, 75A IGBT
Intelligent power module (IPM) from MITSUBISHI
were used. Four IPM half bridges are used to build
the four leg inverter and the fifth half bridge to build
the boost converter. The output filter v aptimised,
so that at 9kHz switching frequenyy the whale
inverter losses are minimised [5]. A microcontrofier
of the type 80C166 from SIEMENS is used to
control the whole system. At the cuiput of the
microcontroller five PWM signals arc generated,
one o eontrol the boost converter and four to control
the 4 leg inverter. The complimentary f these four
signals and the dead time generation was done

externally per hardware.

Figure 8 shows the output voltage of the inverter in
the rotating dqO-coordinate system, when
unbalanced load is applied. As it can be <een from the
figure; without observer and disturbance feed
forward, the Pl-control alone is not able o
compensate the disturbance completely, As the q-
and (-component of the output voltage supposed to
be zero and the d-component a constant DC quantity,
Figure 9 shows the output voltage wher the observer

and the disturbance feed forward is switched on. As

|$|}|
1D|:I|

— 1 L

061 ooz o83 u.n] tis]

Fig. 8 measured output veltage without observer
(single phase ohmic load of 54

s.uI i

] hﬁ*,ﬂ‘r‘-‘aﬁﬂ—r’:ﬂ-—-ﬂ_“ ,.——“J
— | A N

0y Q02 043 o4 ua;

Figare 9: measured output voltage with
vhyerver

it can be seen from the figure, the output voltage

tracking is highly improved.

However, an error still exist due to the jnaccurate
measurements and fixed-point aumber
implementation of the control algorithni gn the
microcontroller, so that the point of inters sction of
the d- and g-disturbance to output transfer function
of figure 6 is not exactly at 2100Hz.

Figure 10 shows the trajectory of the reference and
the output voltage with and without observer in the
3D space using the -coordinate transformation. In
both cases a single phase ohmic load of SA was
applied. All system relevant parameter are listed in
thetable 1.

FElelgale vl

weith ohgrver =

~without whscrver -:;-;
W= 0 g g s [
2&...-1";"_""!’1:_1_._.__,_.- |
In.,.---"""-.r. _F:__|=,.-f:, ]
-u-..---"'""-. %\\}{7"1
=} 7
Agfe——"] - "\-\.‘\L\
.H,...--"""'_Fr . T
oge |
ane”
208 4D
Viewm |‘1"| o 1:1|:|
® asr T ¥ vy W]
T

Figure: 10 3DRepresentation of the measured
output with and without observer with olmic
load of 54
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TABLE I $VSTEM PARAMETER

Output voltage W 23 | Ve
Net Frequeticy £ 50 Hz
DC-Tnk valtage V. e 1Y
L-Filter L 4 mH
C-Filter C 6 F
C-DC-link c, 470 |F
Switching frequency | f, 9 KHz
Sampling period T, 33 |s
Hattery voltage Vi 160 v

1. CONCLUDING HENARKS

Ia this paper, a three dimensional space vector
modulation has been applied to the control of a 4-leg
voltage source inverter mode! whish is deploved to
invert the output of a stand-alone photovoltaic

system, Load cursenthas beenestimated by a reduced

order observer while the disturbance introduced by a

non-linear lead has been cancelled by a feedlorward
and

simulation results have been deployed to show the

disturbance controller. Both experiment
emergence of stable system with about 1624 higher
utilization of the DC link voltage. With headwave
eliminated for load current measurement, the
resulting system  which is implemented on a
microcontroller has been found to be cheaper.

simpler and more efficient than the existing ones.
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