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Three Phase Inverter Control

An inverter fed 3-phase AC motor with three phase windings a, b and c.
The three phase voltages are applied by three pairs of semiconductor
switches (S1 through S6) V/ /V_,, V. /V, and V.V, with amplitude,
frequency and phase angle defined by microcontroller calculated pulse
patterns. The inverter is fed by the DC link voltage V.
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PWM in a AC Drive
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Pulse-Width Modulation (PWM)

The basic principle of PWM can be stated =05
that under constant supply voltage V., Vi " R,
when voltage is applied to the resistance e T
load in pulses. The instantaneous output
voltage v, is determined: Vo (Instantaneous voltage)
TON Vo """""""""""""""""""""""
Vo = |4
O Ton + Torr < ol .
bl Time, t
TON TOFF

Large time ratio

The voltage applied to the load can thus be
changed using the time duty-cycle ratio

TON Medium time ratio

Small time ratio

m

Vo

Pulses with fixed frequency and magnitude
but variable width
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Pulse-Width Modulation (PWM)

* PWM generated by MCU (Example)
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Sinusoidal Pulse Width Modulation (SPWM)

= With advances In solid-state power electronic devices and
microprocessors, various inverter control technigues employing
pulse width modulation (PWM) techniques are becoming
Increasingly popular in AC motor drive application, especially
with PMSM. These PWM-based drives are used to control both
the frequency and the magnitude of the voltage applied to
motors.

* |n this chapter, Sinusoidal PWM (SPWM) and Space vector
PWM (SVPWM) will be introduced and compared about
definition, principle, harmonic and efficiency...
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Sinusoidal Pulse Width Modulation (SPWM)

Sinusoidal PWM is a type of "carrier-based" pulse width modulation,
carrier based PWM uses pre-defined modulation signals to determine
output voltages.

SPWM schemes generate the switching position patterns by comparing
reference sine wave signal with a carrier triangular wave signal.
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***Considering the circuit model of a single-phase inverter with a centre-taped grounded DC bus
illustrate principle of pulse width modulation.
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Principle of SPWM

The inverter output voltage is determined in the following

When Vcontrol > Vtru V = Vdc/2
When Vcontrol < Vtru V = 'Vdc/2
vy
Vdc/2 -
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Principle of SPWM

The inverter output voltage has the following features:
» PWM frequency is the same as the frequency of V,;
» Amplitude is controlled by the peak value of V_
» Fundamental frequency is controlled by the frequency of V ol

VET‘
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Principle of SPWM

Considering circuit model of three-phase PWM inverter shows
waveforms of carrier wave signal (V;) and control signal (V_qnio), INVerter
output line to neutral voltages are V,,, V 0, Vo, INverter output line to line
voltages are V,,, V,., V., respectively.

V.2 = HK}H, HK};J, EK%”?
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Principle of SPWM

Inverter output voltage

For Phase a:
If Vcontrol > Vtriangle then Vao = VdC/2.

If Vcontrol < Vtriangle then Vao =" Vdc/2'

For Phase b:
If Vcontrol > Vtriangle then Vbo = Vd/cZ'

If Vcontrol < Vtriangle then Vbo =" Vdc/2'

For Phase c:
If Vcontrol > Vtriangle then Vco = Vdc/2'

If Vcontrol < Vtriangle then Vco = - Vdc/2'

Vao

Vbc Vab Vco

Vca

/Vtri / VCOHtI‘O'_PhaSE a Vcontrol_phase b /Vcontrol_phase c

; [ TUHUEE U -

Vbo
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Space Vector Pulse Width Modulation (SVPWM)

The working principle of SVPWM is to synthesize the stator
current to be generated by using the basic voltage vector of the
three-phase PWM Inverter. This combined current generates a
rotating stator flux vector on the stator coil and interacts with the
rotor flux to generate torque, which causes the motor to rotate.

By controlling the voltage vector, the motor air gap rotating flux
vector trajectory approaches an ideal circle with minimal flux
chopping. Since the torque ripple is the lowest, the speed ripple is
also minimized in the case of open circuit control.
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Formation of the Space Vectors

The three sinusoidal phase currents i, i, and i, of a neutral point isolated
3-phase AC machine fulfill the following relation:

i) +i,(t)+i.(t) =0
These currents can be combined to a vector is(t) circulating with the
stator frequency f,

2T

2 . .
i, = 3 lisa (©) + isp (el + i (D)el?Y], withy = <

Alm

The three phase currents now represent
the projections of the vector i, on the
accompanying winding axes. Using
Re this idea to combine other 3-phase

_— o quantities, complex vectors of stator

2 . a K 2 . .
3 sa(®) ‘ 3ip®e”*®  and rotor voltages v,, v, and stator and
zisb ()e120 rotor flux linkages ;.. are obtained.

3 All vectors circulate with the angular
Formation of the stator current speed ..
vector from the phase currents >

a 1

Department of Electrical Engineering



Formation of the Space Vectors

Vsa
Vsb
Vsc

cos(wt)
= V. |cos(wt — 120)
cos(wt + 120)]

[N\ U5

2T 2T
Vs =k (Vsa + Vsbe_lT + VscelT)

2
~Viq 3 .
3T = kGVace™)

The amplitude is maintained constant, k=§

wl N
N
9

Vs = Vace™@t=(2Vyq +2V, 2yl
s = Vac€ 3 'sa sb€ 3 sc€
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Formation of the Space Vectors

An ordinary three phased system, here shown in both vector form and in
sinusoidal form. The black vector is the resultant space vector which a vector

sum obtained by adding the three vectors. As can be seen, the space vector's
magnitude is always constant.

Three-phased sinusoidal system and its rotating equivalent space vector
[ o

-} 360°

https://www.switchcraft.org/learning/2017/3/15/space-vector-pwm-intro
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Principle of SVPWM

V2 =

V2 =

K o

EK}Q

K3

Phase a % Phase b % Phase b %

When an upper switch is turned on
(e, a, b or c is “1"), the
corresponding lower switch is turned
off (i.e., a, b or c is “07)

Eight voltage vector (V,, Vi,...V;) is
combinations of on and off patterns
for the three upper transistors (S1,
S3, SH)

Table 5.1. All ON/ OFF states of upper and lower switch in SVPWM

V,=[000] |V;=[100]| V,=[110]|Vz=[010]|V, =[011]|Vs=[001]| Vg =[101]| V;=[111]
S1:0FF | S1:O0N | S1:ON S1:0FF | S1:OFF | S1:OFF | S1:ON | S1:ON
S3:0FF | $3:0FF | S3:0ON S3:ON | S$3:ON | S3:0FF | S3:0FF | s3:0N
S5:OFF | s5:0FF | S5:OFF | S5:OFF | S5:ON | S5:0N S5:ON | S5:0N
S4:0N S4:0FF S4:0FF S4:0N S4:0N S4:0N S4:0FF S4:0FF
S6:0N S6:0N S6:0FF S6:0FF S6:0FF S6:0N S6:0ON S6:0FF
S2:O0N | s2:0N S2:0N S2:ON | S2:OFF | S2:OFF | S2:OFF | S$2:0FF
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Principle of SVPWM

The spacial positions of the standard voltage vectors V, ... V., in stator-
fixed aff coordinates in relation to the three windings a, c and c. The
vectors divide the vector space into six sectors S1... S6 and respectively
into four quadrants Q1... Q4 Phase b

Phase c
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Principle of SVPWM

V,, (with x= a, b, c) represents

the phase voltage of the x
phase, V,,, V. V. represent Ve ] LD, . K}’:’s

51 5
line voltage

i

c
3 QK} )

- : '

| Phasea+ Ei Phase b £ T T

Phase b g

* nis the neutral point of the

motor il
V2 == ;:IK}HI —

56

Vn

V,, =2V, /3
Vbn, Vcn = 'Vdc/3
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Table 5.2. The Standard Voltage Vectors

and Logic State

Switching .
No. state Va Vb Vc Vab Vbc V
sequence
V, | S2,54,56 0 0 0 0 0 0
V, | S6,51,S2 | 2V,/3 | V./3 | -V,/3 V. 0 2V, /320
S T
V, | S1,S2,S3 Vy/3 | Vy/3 | -2V/3 0 V. 2V4e/34(3)
Vo | S2,83,54 | Vy/3 | 2V./3 | V/3 | -V V. zvdc/34(§)
V, | S3,54,S5 | -2V,/3 | V./3 | V4/3 -V, 0 2V, /32(—m)
21
Ve | 54,5556 | Vo3 | V3 | 2v./3 | 0 v, | Ve/34(=3)
B T
V. | S1,53,55 0 0 0 0 0 0
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Principle of SVPWM

= Let us assume that the vector to be realized, V. is located in the sector S1, the area
between the standard vectors V, and V,. V, can be obtained from the vectorial addition
of the two boundary vectors V, and V, in the directions of VV, and V,, respectively.

= Supposed the complete pulse period T is available for the realization of a vector with
the maximum modulus (amplitude), which corresponds to the value 2V, /3 of a standard
vector, the following relation is valid:

V| = |V ==V =2V,J3

= V,and V, are realized by the logical states of the
vectors V, and V, within the time span:

v, .
P I=T,——

s'max s'max

max

T.=T,

T, , T, are switching times must be calculated.
To be able to determine T, and T,, the amplitudes of V, v, vy o
and V, must be known.

(***Subscript r, I: boundary vector on the right, left)

Realization of an arbitrary voltage
vector from two boundary vectors
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Principle of SVPWM

= |t is prerequisite that the stator voltage vector V, must be provided by
the current controller with respect to modulus and phase.

= In the rest of the pulse period T, — (T, + T;) one of the two zero vectors
V, or V-, will be issued to finally fulfil the following equation.

T T T, —(T,+T
— —in +-F ( . X
Ty Ty Ty

* In which sequence the now three vectors—two boundary vectors and

one zero vector—must be issued. Table shows the necessary
switching states in the sector S1.

VO (01‘ V7)

VS:VT+VI+V0(OTV7): V1+

Table 5.3. The necessary switching states in the sector S1

Voltage V, V, V, V,
Vv, 0 1 1 1
v, 0 0 1 1
V. 0 0 0 1
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Principle of SVPWM

By observing “Table of switching states in the sector S1”, it can be recognized
that with respect to transistor switching losses the most favourable sequence is

to switch every transistor pair only once within a pulse period.

If the last switching state was V, this would be the sequence V=2V, =2V, 2V,
But if the last switching state was V-, this would be V, 2V, 2V, 2V,

- With this strategy the switching losses of the inverter become minimal.
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Principle of SVPWM

* The following pictures give a summary of switching pattern
samples in the remaining sectors S2 ... S6 of the vector space

(h) (e)

Sectors S6

Vs
Sectors S4 Sectors S5

Pulse pattern of the voltage vectors
in the sectors S2... S6
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Determined Switching Time

B 4
V>(1,1,0) Vrer is a rotating space voltage vector
Insector |, Vier « Ts =V; - T + V5 T,

Ts: carrier period

_Tl T TZ_
|Vrer| 'COSQI _ [Va] _|7s "3 Ts V1]
|Vref| - sinf Vs 0 SinE-Q V2

A
T T
> T—;= sin(§—9)
sector |
T3
2 — = sin(6
V= = Ve 7, ~ o)
2, iZ L_ 13 V3.,
Vy = §Vdce 3 Ts Vdc(2 Va > Vg)
1 >
Vyer| = —V. v
[Vrer| = 7= Vac %:@.V_ﬁ’
S dc
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Determined Switching Time

1
X=— V-3

Vdc

1 3 V3
Y =— GV, +—V,

V. 2t 5
,_ L 3, V3
TV 2% 2 8

Table 5.4. Look-up table of sector number
Sector
T. Z Y X -Z -Y -X

X

T, X Z Y X z Y

T,:the application time of the first active vector
T,:the application time of the second active vector
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Sector | Sector I Sector Il
] | — | |
Sp = 1 1 — Sy 5 . : ! S; ' . !
S, ! L L S; — : | S, — o
S — | Sg — 1 S; em——t—d || —
5 ToiTiiT 1 Tol To 1 T2 1 T11 Tol Tol Tot Tt T
S,=T1+T2+T0 S,=T1+T0 S,=T0
S;=T2+T0 S;=T1+T2+T0 S;=T1+TO
S;=TO S;=TO Sc=T1+T1+T0
Sector IV Sector V Sector |V
: : | | | | | | |
| | [ [
51 | : | S1 | ' | | 51 | i : :
Ss 11 1 Syl | | Sy el | |
Ss ™ 1T _ 1 _ 1 — S L S¢ l | —
To 1 To1 To1 Tol Totl Ti1t To1To | Tol To1 Ty To
5,=T0 5;=T2+T0 S,=T1+T2+TO
S;=T1+T0 S;=T0 S;=T0
Sc=T1+T2+TO Sg=T1+T2+T0 S.=T1+T0

Determined Switching Time
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Comparison SPWM and SVPWM

» Sinusoidal PWM (SPWM) : Locus of the reference vector is
the inside of a circle with radius of 1/2 Vdc

= Space Vector PWM (SVPWM) : Locus of the reference
vector is the inside of a circle with radius of 1/+/3 Vdc
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Compare SPWM with SVPWM

Line-Line voltage Vab
T

N,

tization - 2632 L
i voltage utilization = 1
100 SPWM V,_;, —tcurve
43.65p (5) 42.6764 (s)
I il o 25
01I186 0. ISG Dﬂlaﬂloou (S)ﬂ|1|866
20}
It tilizati 9.7
voltage utilization = ——
g 100
‘ ’ 10}
H | Hl 49.906} (s) 49.819y (5)
oL
: AT 1
SVPWM VL_L —t curve 100y (s)
i T U T T T sL | ‘ | ‘ | L
0| 2 i - e o . Sf3043 0.2305 0.23052 0.23054 0.23056 0.23058 0.2306
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Simulation of Compare SPWM with




Compare SPWM with SVPWM

<Stabor cumen is_g [A)>

L 1qg=4A Alq =0.33A %@ — 8.25% I _ ; e

‘ ] IR} SPWM Ig—t curve (with 0.18 N-m)

i s

- 1 4
<Salor cument s g (AP
|
Sy curert s QP 3
1 - 42 qu
o . - Ig=4A Alg =02A Ta =%
i SVPWM Ig—t curve (with 0.18 N-m) | g . q
8 g .I .' | I | | r 1l kil | I- |
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3; /.\ | I Il Il il I |
4 I | I -
: = |
EL_____// U/
o -
37—

_ _ _ Znheng-Xuan Wu, “Simulation of Compare SPWM with
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Compare SPWM with SVPWM

4!|eﬂmmagncl|e torgue Te {N"mj=

oz T i T T
o ATorque

= 8.8%
otel- ATorque = 0.016N —m Torque

AL TG

SPWM. Torque —t curve (with 0.18 N-m)

I— ]

i : FEn
[ S~

o 02 LE] o4 o5 o o7 o

1 1 |
0,614 0616 0618 0,62 0622 0,624 D526

0.628

<Electromagnetic tomque Te (N'mj>

Tieckarognet orue T8 P

ATorque = 0.009N —m ATorque _ o

SVPWM. Torque —t curve (with 0.18 N-m)

m Torque

)

0.174 —
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Compare SPWM with SVPWM

| SPWM  T-N curve (no load)

4000 —

3500~

N=4000 rpm

3000

| K, = 0.00545(Epeqk, -1 /TPM)
peak_L—-L
Ke

~

n(rpm):E V”e‘;(f:L_L (no load)

20005

Vieak L-1 = 25 - 86.326% = 21.9315

21.9315

0.00545

n(rpm)=

4024 (rpm) =4000(rpm) | |

SVPWM T-N curve (no load)

500

0053 0.1 0.15 02 0.25 0.3 0.35

04 =

K, = 0.00545(Epeqk, —1./TPM)

E LV _
n(rpm)= pe‘Z‘L L~ pe‘;:L L (no load)

|74

peak_L_L = 25 ¢ 99.7% = 24.925

24.925

0.00545

1000

n(rpm)= 4533 (rpm) =4493(rpm)

500

0

N=4493 rpm

0 005 045
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Comparison SPWM and SVPWM

Table 5.5. Result of “Simulation of Compare SPWM with SVPWM?”,

| em. | SPWM___| __ svPwwm

Voltage utilization 86.326% 99.7%
Speed (no-load) 4000 (rpm) 4493 (rpm)
Torque ripple 8.8% 5%
Current(lq) ripple 8.25% 5%

= Space Vector PWM generates less harmonic distortion in the output voltage or
currents in comparison with sinusoidal PWM.

= Space Vector PWM provides more efficient use of supply voltage in comparison with
Sinusoidal PWM

= SPWM can be used for the application where a small compromise can be done with
output quality and the application requirements are less complexity. But where better
performance with high output quality is desired the choice should be SVPWM.
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