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ABSTRACT

Microprocessor control of power-electronic equipment offers the possibility of improvements in
manufacture, realizability, maintenance and servicing, and increased control flexibility. In this
paper, simple microprocessor control with a view to approximating the polynomial equations
which govern the commutation angles was consisdered.

The theoretical analysis of this principle which govern the commutation of power switches in
order to cancel any predetermined harmonics and vary the fundamental rms voltage of the in-
verter output is described. Also the spectrum and harmonics were analyzed by HP-1000 comput-
er. Practical aspect of the realization of a voltage controller based on a microprocessor and a
suitable system for variable frequency inverter were also presented. The experimental test has
been carried out on a Z-80 microcomputer and a single phase transistor inverter. The various
results show the feasibility of obtaining practically a single phase and a three phase inverter
waveforms, which are highly desirable in most inverter applications.
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1. Introduction

It ts always demanded for output voltage of
inverter to be controlled in the industrial appli-
cations, whether its value has to be varied in a
wide range or it must be kept constant despite
the variafion of the load or of the DC voltage at
the inverter. The various methods have been de-
veloped for the control of PWM voltage invert-
ers. Such control was initially based on a analog
methods, described extensively in references 1}~
3) and the corresponding set up was implemen-
ted either by analog® or by digital methods. ¥,
® The advent of digital components such as
microprocessors and high speed memories opened
the way for advanced control devices based on
novel algorithm ; elimination of harmonics in

8 and optimization invol-

the output voltage” -
ving different performance index.”

Also the reference (10) has shownthe approach
of the

monics in the load by a proper choice

current har-
of the

to minimize the rms value

commutation angles.

Another approach which can be satisfactory
utilized for a guasi-continuous control of a PWM
inverter output voltage by interpolation method
had been described in 1980.'"

The general procedure followed by conventional
circuitry is to determine the instants at which
the power switches should open and close by the
intersection of two difference of reference wave-
forms. By the use of this techniques and analog
circuitry, the total harmonic content of the out
put voltage can be reduced at the complexity
of great control, commutation devices.

In this paper, simple microprocessor control
with a view to approximating the polynomial
equations which govern the commutation angles
was studied.

Thus microprocessor on-line control of tran-
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sistor inverter is to make possible theimplement-
ation of the digital techniques where a predeter-
mined number of unwanted harmonics can be
canceled and the inverter frequency, voltage can

be control simultaneously. Because the output

filter can be used to attenuate the remaining
higher harmonics, the use of this method in
inverter cotrol presents various advantages, so

as to attenuate the harmonics components and,
therefore, approximate the sinusoidal waveform.

II. The Control Technique of the
Inverter Output Voltage and Harmonics
Elimination

Fig. 1 shows the basic structure of a fixed DC
voltage inverter and the output voltage waveform
where the switching angles «;, are usually mod-
ulated so as to minimize the harmonics com-
ponents in the voltage waveform which are least
acceptable, usually the low order harmonics.?

A periodic voltage waveform as shown in Fig.
2

is expected to satisfy the following require
ments

Vian (wit) = Vo (wt-t 27)

Vo (wt) =V (7 wit) {2)
Q Xp, DX Q, L] l 52 Ls

E(g m A.'\\ B C ,
a, Ao; & Q, .

(a) single phase () three phase

Fig. 1. Basic structure of inverters with

constant voltage source Ey..
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Fig. 2. General waveform of inverter output
voltage.
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Van (Wt ==V, (x+wt) (3)
\/’BN (Wt) :VAN (Wtkzﬂ/B) (4)
\/CN (Wt) :VAN (Wt+27r/3) (5)

The above three requirements represent the
character of the wave periodical, with quarter-
cycle symmetry and half cycle antisymmetry ;
expansion of Van(@wt) in a Fourier Series exclu-
sively odd sinusoidal wave'? The last two re-
quirements represcnt the symmetric three phase
character of the inverter voltage. It constitutes a
succession of pulses with normalized amplitude.
When the inverter is commutated M times over
a quarter cycle subject tothe above requirements,

the root mean square voltage of its nth harmonic

is given by!'¥
M
Vo= —2;‘/”1(14'2 E(“l)'cos ney) (6)

in a Fourier Series, where the angles a, with
i=1, 2,

, M satisfactory the following con-

dition
0 <, <a<ay an < ér- (7)
=10, O =n

It is possible from (6) that M predetermined
harmonics can be canceled by using M commuta-
tions when their respective equations are equal-
ized to zero. And it becomes clear the rms that
voltage of the fundamental has a fixed value,
and is equal to

2y 2

4

(—1)™2cos ay)

A\

(1—2cos ay+2cos a,—2cos a;+---+
(8)
In those applications where it is necessary to

vary the output voltage, (M-1) are
canceled and the appropriate commutation an-

harmonics
gles are calculated by the following equations ;

W
2/2

=1—2cosa,+2cos a;—2cos a;+ (—1)M

2 cos ay
0 =1—2cos 3a;+2cos 3a,—2cos 3as -+ (—

1)™2cos3ay

alelzg T ZAAE o] &3t alwlE] HkA|olot nzIL A AN 2
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-3‘1.

A7

0 =1—2cos5a;+2cos5a,—2cosSay -
+ (—1)"2cos5ay

0 =1—2cosAa;+2cosAa;—2cosAay -+

(—1)M2cosAay (9)

where Vj;, V;, are the (M-1) harmonics
to be canceled. As a results,
voltage is given by

the fundamental

Vlzv(al’ az, Az, vt (10)

Therefore, the rms fundamental voltage can
be varied while the chosen M-1 harmonics are
canceled. The M commutation angles over a
quarter-cycle permit unambiguous definition of
the harmonic composition of the output voltage
it differently,
there are M degree of freedom in controlling the

in the ideal inverter. Or, putting

amplitudes of the component harmonics Mmaking
it possible to eliminate M-1 of the latter and to
control the amplitude of the fundamental wave
between the limits ;

0=V, < —2——‘/”—7—13.“ a

M. Polynomial approximation of Laws
which Govern the Commutatipn Angles

1. Single Phase Variant

Equation (9) is nonlinear as well as transcen-
dental in nature. There is no general method
that can be applied to solve equations.
Thus, the practical method solving

such
of
equations is a trial and error process.

these
Taking
all the factors into account, a numerical techniq
que is the best approach in solving the equations.
These methods are not practical in real time
systems due to the short response times needed.
On the other hand, if the microprocessor, which
has to work out the correct firing pulse, is to be
kept simple, for both economical and practical
reasons, the resolution method of such equations
must be transformed to suit the microprocessor
presently available.
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The solution adopted has two possibilities. In
both cases the equations must be solved and
the data obtained either stored in look-up tabl-
es according to the different values of the rms
voltage wanted or transformed into linear equa-

tions dependent of the rms voltage. For this pur-

pose the M equations are solved canceling M-1

harmonics and obtaining the desired funda-

$129% 19874 128 —2al—
mental rms voltage. The Damped Newton meth-
od for solving nonlinear equations was used with
the aid of a computer(HP-1000).1#

The simple example of the three pulse bidire-
ctional wave is analyzed by the method presen-
ted and its computer algorithm is represented
in Fig. 3.

The third and fifth harmonics are canceled

Determination of harmo-
nics to be canceled.

LARGE

1
[ N = (u:cz * UH

( Read the initial values

) §
I VOLT = 0,04 ’

Give the 0.01 volt
resolution to vy

VOLT = VOLT + 0.0}

=

Formulation
fledh = £()

e

GAUSS ;
Find the h

Fig. 3. Program flowchart for solving nonlinear equations(9)
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Fig. 4. The switching angles for eliminating the
3rd and 5th harmonics.(single phase

inverter)
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Fig. 5. The switching angles for eliminating the
3rd, 5th, 7th, and 9th harmonics. (single
phase inverter)
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Fig. 6. Harmonic analysis. Relation between
fundamental amplitude and 7th, 9th,
11th, 13th, 15th and 17th harmonics.

and the root of equations obtained are plotted
in Fig. 4. Also Fig. 5 represents the plotting
of the 3rd, 5th, 7th, and 9th harmonics elimin-
ation and the root of equations.

The relation betweentherelative per unit am-
plitude of the first six harmonics(7th, 9th, 11th,
13th, 15,h and 17th) and first seven harmonics
(11th, 13th, 15th} 17th, 19th, 21th and 23th) pre-
sent in the output voltage and the fundamental
rms voltage are shown in Fig. 6 and Fig. 7, res-
pectively.

A polynomial approximation dependent on the
rms voltage, Vi, of the laws which govern the
commutation angles previously calculated and
represented in Fig. 4 and Fig. 5 is possible and
the error known by using the least square ap-
proach.!® In cases M =3, and M =5, the results
of this methods are hereby shown in (12)-(17),
where a maximum permissible error of 0.789%
can be achieved using the following the third-
order equations in case M = 3.

When these polyonmial approximations are
used with high order equations, it might be
precision to calaculate the commutation angles.
Thus, the third order equationsrequired tocalcu-

late the commutation angles are much ac-

sfolaz ZeAlAE o3& AW HsfAlole} mzul Al A #HI At

Vhrme /Edc

Hermonic Anelysie

©.1 0.2 0.3 0.4 0.8 0.®m 0.7 0.8

Vrme/Edc

Fig. 7. Harmonic analysis. Relation between
fundamental amplitude and 1lth, 13th,
15th, 17, 19th. 21th and 23th harmonics.

curater. In this paper, the control is implemen-
ted by using equations, (14).

In Case M~ 3. (3rd, 5th harmonics elimination)

1st order equations

17 27.4991 — 1.7795 V,
az= 53.0314 — 23.2248 V,
as= 77.2407 + 16.8670 V,

error = 9.847%
error < 6.016%1(12)
error = 0.557%

2nd order equations

o= 25.0315 + 14.9498 V, —20.9116 V2

a2~ 50.8754 — 8.6007 V; — 18.2714 Vi

as=T77.2208 + 16.7580 V,+ 0.1363 V?

error < 2.780%

error < 1.637% (13)
error < 0.474%

3rd order equations

o1 = 26.0063 4 3.2747 V, +13.7314 V%- 28.8695 V3
oz = 51.6810 - 18.2571 V;+ 10.3609 VZ—23.8605 VI
o3 = 77.1429 +17.6904 V, —2.6305 Vi+2.3057 Vi
error < 0.789%

error = (.470% (14)
error < 0.002%
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In case M =5 (3rd, 5th, 7th, 9th, harmonics a1 = 16.6337 —0.7780 V,; 12,6781 Vi—18.7961 V3
elimination) a2 = 33.0608 —11.2535 V;+14.5359 Vi—21.1037 V3{
a3 =50.3446 — 10.1729 V;+ 632433 Vi—84.5472 Vi
st order equations 04 =66.5848 — 27.6033 V, + 62.4670 V3$—177.3307 V§
0= 17.1%45 — 1.0782 V error < 9.925% a5 = 81.8038 + 11.6507 V,—2.0753 Vi+2.0676 V3
=17.1% . 1 . (7]
- < a,
@:=336212—11.3495 V| error < 7.171% error - igg; (;”
@;=51.4088— 25510 V,  error < 12.338% error <5 1640/" -
0= 67.5524 —20.5931 V,  error < 10.461% error - 2'593'0’? (
= 818257+ 111391 V,  error < 0.087%(15) 07 = SO0
error < 0.014%
2nd order equations
2. Three Phase Variant
a; = 15.9990 + 6.8233 V,—9.8770 V%
@ =32.3412 — 2.7190 V,— 10.7882 V? We consider the ideal half bridge three phase
s = 47.4898 + 24.0187 V, — 33.2122 V2 inverter shown schematically in Fig. 1. As in
s = 63.9736 + 3.6699 V, — 30.3287 V? the single phase variant, in determihing the M
s = 81.8736 + 10.8145 V, + 0.4057 V2 angles over a quarter-cycle with a view to el-
error < 4.582% iminating M-1 harmonics, the following nonlin-
error < 3.464% ear set of equations-based on equations (6)- has
error < 6.317% (16) to be solved.
error = 5.285 % V. = constant
error < 0.051% Vs= Vy= Vi Vo= zero (18)
3rd order equations where n=6k+1, k=1, 2, 3,--- Since the load
Degres Degree
@0 [= 1]
ao t a0 1 e ALPHA
LPHA 3
7o 1 7o t
80 1 8o
8o 71 so ¢
40 1 40 r
LPHA ﬂ
30 1t 30 1
LPHA 1
20 1 =0 1 /-—/__—\L.PHA 2
LPHA 1
10 ¥ 10 1
o o +
1 .2 .3 .4 .3 .8 .7 .@& .®@1.0 .4 .2 .3 .4 .8 .8 .7 .@8 .91.0
vrme/Edo vrme/Edo
(a) (b)

Fig. 8. The switching angles for eliminating in three phase inverter.
(a) 5th only (b} 5th, 7th and 11th
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0.1 O.® 0.8 0.4 Oo.m 0. ©c.7 O.@
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slo)zz Z2AAE o] % A E Afaloleh nzst A B AT

varme /Edo Harmonico Analywis

(b) 0.1 O.® 0. 0.4 0.8 0.® ©.7 0.8
vrme/€do

Fig. 9. Harmonics analysis in three phase. Relation between fundamental amplitude and (a)
3rd, 7th, 9th, 11th, 13th and 15th (b) 3rd, 9th, 13th, 15th, 17th and 19th

comprises three conductors, the harmonics Vi
(k =1, 2,--) produce current in it and need be
eliminated. The amplitude of fundamental wave
V, was varied from the minimum 0.05 to the
maximum 0.75 with 0.01 resolution as in single
phase inverter. And for each value M commu-
tation angles were determined ensuring elimin-
ation of M-1 harmonics.

The following two cases of elimination were
considers with aid of the above program Fig.3:
(a) 5th harmonic only (b) 5th, 7th, and 11th

Results, @, are plotted in Fig. 8 ({a)-(b) re-
spectively, with the fundamental amplitude given
in nomalized values and the angles in degree of
arc. On the other hand, the relation between the
fundamental rms voltages are shown in Fig. 9
(a)-(b) respectively.

And also, the coefficients and the error of the
polynomial approximation equations whichgovern
the commutation angles angles in the three ph

ase inverter are represented in equations (19)-(24).

In case M =2 (5th only harmonic elimination)

1st order equations

a; = 6.6929 + 26.4097 V,
a2 = 60.7544 — 33.5362 V,

error < 41.612%
error < 5.635% (19)

2nd order equations

@, = 3.6392 + 47.1131 V,— 25,8792 V}

a2 = 59.3129 —23.7636 V,—12.2156 Vi

error < 4.796%

error < 2.718% (20)

3rd order equations

o) = 3.9954 + 42.8461 V,—13.2129 V$—10.5512 V3
a2 = 60.4162 — 36.9529 V,+ 26.9205 Vi-— 32,6138 Vi
error < 7.858%

error < 1.128% 21)

In case M = 4(5th, 7th and 11th harmonics
elimination)

1st order equations

o1 =23.5361 —5.4094 V,
az=42.6442 —28.1912 V,
a3 =58.7078 +19.2771 V)
a4 =79.0112 —1.7398 V,

error < 32.917%
error < 12.901%
error < 2.105%
error < 0.874% (22)

2nd order equations

o, = 17.8236 + 33.3192 V; - 48.4109 V?
o2 = 38.8980 — 2.7930 V,— 31.7477 V%
s = 60.4057 + 7.7658 V, + 14.3891 V%
aq=79.9522 — 8.1196 V,+ 7.9748 V}

(862)
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Meagnitude Magnitude

Spectrum Arnalyeis Spectrum Analysis

.8 0.0
0.8 Desireo Voltags o.e Desired voltage
Yi= _.BO Vi= .70

.7 c.7

o.a o.8

0.5 — o.8

0.4 ¥ O.4

c.3 .3

o.a@ o.a

0.1 1 0.3

1 3 B 7 13 18 17 1@ 10 11 13 418 17 1
Harmonice Hermonice
(a) (b)

Fig. 10. Normalized voltage spectrum in single phase, 3rd and 5th harmonics elimination.
(a) V,=0. 60(7V), 30Hz (b) V,=0. 70(8. 5V), 400Hz

error < 6.325% values of the commutation angles for each value
error < 1.410% of the fundamental rms voltage. When these ap-
error < 0.555% proximations are low order equations, it might
error < 0.213% (23) be useful to use the microprocessor to calculate

. them. Here the memory requirements are greatly
3rd order equatins
reduced at the expence of a more complex soft-

a1 =20.5375 + 0.8158 V,+ 48.0355 Vi—80.3729 V3 ware. In this paper, the example previously stud-
@2 = 39.7785 — 13.3382 V, — 0.4574 Vi—26.0756 Vi ied, where the 3rd and the 5th' harmonics are

a3=59.9274 + 13.4939 V,—2.6076 Vi— 2.6076 V3 canceled, is consisdered. In this case the micro-
= 80.2475 —11.6561 V,+ 18.4684 Vi—8.7447 Vi processor calculates a,, a; and as from the three
error < 2.682% 3rd order linear approximation equation(14), for

error < 2.768%
error < 0.244% Ey 990 ,”" 2Im° 3800
error < 0.185% (24) ﬁ ] F" : H '
(@) : o
V. Microprocessor Methods for U : JJL ; H—]
* ‘s ° *n %y

Processing and Implementation | &

The method used to process the laws which h m l"‘2 ]ﬂ Fri] f —i rp
govern the commutation angles with a micro- o »

e

processor depends largely on the complexity of
the expressions chosen for this purpose. Where T °

very high order linear equations are necessary, = H m ﬂﬂ m m 1‘ -
the microprocessor will take a very long time to "

‘calculate the commutation angles and, therefore Fig. 11. Base driving time duration of the
the best procedure will be to store the discrete inverter.

(863)
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every desired output condition.

On the other hand, Fig. 11. respresents the
pulses of thebase drivihg time duration for swit-
ching in the single phase inverter(Fig.l). Inorder
to realize pulses of Fig. 11-(a) the signals with
time duration such as Fig. 11-(b), (¢c) have to be
yielded from the computer. In this case the rela-
tionship between the switching angles, «, and
base driving time duration T,, (n=1, 2, 3----+- ) and
desired frequency f, in the inverter output from
Fig. 11 follows as ;

Tn=((an~ ans) gl%“f"“d}fc 23

where f. denotes the system clock frequency
and d is the dead time for protecting the power
transistor in switching. In implementation the
time d is consisdered with 10 micro seconds but
this time is very small compare with switching
time Th.

Consequently, in such as inverter voltage 8. 5V,
desirous frequency 400Hz, unwanted harmonics
are 3rd, 5th order, the error rate of switching
angles a, is 1. 71772% maximum, or (. 334584%
minium. Thus,the error that is produced by dead
time could be ignored and the goal of the har-
monics elimination and the voltage control is ac-
complished.

On the otheer hand, Fig. 12. is the flowchart for
generating the time duration of Fig. 11.—(b), (¢).
In flowchart Fig. 12, the calculation process of

T3

It
s %9

e APIO

ey

»n

¥
s add

Fig. 13. (a) Microcomputer hardware

wpol i 2w a4 o] Gk e Aghaloist w vt A A RLE <l

A

the swiching time T,, was programed with the
aid of the aid of a FORTRAN language and the
processing which transmit the consequent data
T, to inverter circuit was programmed by Z-80
assembly language in order to the real time pro-
cessing.

The notation V.denotes the DC power source
and V4 is the desired rms voltage value of the
inverter output.

In addition, the control circuit and harsware
developed in based on Zilog’s Z-80 microcomput-
er is represented in Fig. 13. The clock of the
microcomputer was adjusted to 2.5 Mhz.

The practical scheme used in the experimental
test is shown in Fig, 13.-(b). It is based on the
circuit, as shown in Fig. 1. and employs the 7
watt lamp as resistor load and DC 12 V as V...

Photo 1-(a), (b) show the voltage waveforms
at inverter output. These waveforms represents
the desired voltages 7 volt (30 Hz) and 8. 5 volt
(400 Hz) while the 3rd and the 5th harmonics
are canceled in single phase inverter output, re-
spectively.

As a practical result of calculation, the photo 1-
(a), (b) rms voltage are 6. 957644491 V and 8. 520
089438 V respectively. Thus they take 0. 6 per-
cent and 0. 236 percent in error rate.

As assumming, previously studied in section II,

they have the three commutations within the
each quadrant and show they are odd-quarter

Jrutis g

toutts v

(b)

(b) Inverter power circuit
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Calculate

g = 10%/3.64
Y

Calculate

a(1),%(2),....,0(q)
&

4‘,27 J—

} power supply voltsge

; desired output voltage

i normalized output vol tage

; ¢ of commutation per

lst-quadrant
switching frequency

guide time

ol = q + 1 DAMA = DOOO
n2 = 2%l -1 NDATA = DOIF
a3 = a2 + 1 (LADAD) = DAMA+{NDATA)
né = 2 %2 I
[ PIO Initialized |

ol(0) = 0° | Assign interrupt vector ndduu]
o(nl) = 180-0(q)| dummy angles <

T l¥7APIO,BPIO virtual loading J

Calculate intervals
x(k), k =1, 2,..., nl
X(k)=(X(k)-0(k-1)-d)*8

u-aec

Fig. 12.

[nn—unm B1, IN2 1
I ——

APIO A,8 PORT
T LOADING
HL = HL + 2

BPIO A,B PORT

T LOADING
) S——
N
. T

LHL-DAHA J

| SRR

Flowchart for generating the time
durations of Fig. 11-(b) and (¢).
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symmetry wavefoms.

On the other hand, Photo 2-(a)~(d) show the
spectrum analyses of photo 1-(a), 1-(b), respective-
ly. As can be seen, we find that the predetermi-
nd 3rd and 5th harmonics are eliminated through
the load.

On the other hand, the usable frequency of
inverter is depended upon the number of neces-
sary clock cycle to process the machine language
of the whole program. Furthermore, the critical
limit of inverter fregency is not depended upon
the number of unwanted harmonicss but also the
computer system clock frequency. Thus, we can
not determine the relationship to regulate the

(b)

Photo. 1. Inver output waveforms versus desired
voltage ahd frequency in single phase.
(a) 7V, 30Hz Hori : 10ms/div, vert ;
(b) 8. 5V, 400 Hz Hori : 0. 5 ms/div,
vert : 10V /div

usable limit of inverter frequency. However, in
any case, we can fix the desirous higher limit of
inverter frequency by of the short program cal-
culated. Here the inverter {frequency on this
experiment is higher than 100 Hz.

slolg ZR2AME o] &3 ol AgAlelst st AAN B} A7

MR R WK Ae . e

(0]
Photo. 2. Experimental PWM spectra results in

Upper ; eliminated inverter frequency,
(a) 30Hz, (b) 400Hz.

Lower : non-eliminated.

V. Conclusion

In this paper, the analysis of the equations
which govern the more accurate commutation of
power switches in order to cancel any predeter-
mined harmonics and very the fundamental rms
voltage was presented and the realization of con-
structing such a control circuit were discussed.

The experimental test has been carried out on
a Z-80 microcomputer with a view to controlling
in the single phase inverter. As can be seen, the
effective elimination of any order harmonics and
the frequency control were able to be accom-
plished by using polynomial approximation equat
tions. In addition, throughout the experimental
investigations, it can be summerized that the
inverter output control has the various features
as follows to the conventional ones ;

(866)
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(1) effective elimination of low order harmonics

(2) generation of the ignoble error be due to
consideration of the dead time(guide time),
d.

(3) adjustment of inverter output

that is based on the necessary

frequency
clock fre-
quency of machine language program
computer system.

and

o] :Ro 1986 s FaEAFAALE AF=

Hulol el AT

A .
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