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Abstract 

In this paper the effect of switching hquency on the performance ofthe space 
vector modulation (SVM) current controlled three-phase P W M  inverter loaded by 
interior permanent magnet synchronous motor (IPMSM), is investigated. The effects 
of the switching frequency on the stator space reference voltage vector V. 0) and 
then on the inverter operation modes are investigated. The idea of event driven 
indicative flag that on-line indicates the inverter mode of operationis presented. 
Computer simulation to compare the S V M  performance at different switching 
ikquencies is developed. Effects of changing the inverter dc link voltage, reference 
speed and mechanical load torque on the inverter modes of operationhave been 
presented. 

1- Introduction 

Recent developments in high switching frequencies power devices have enabled us 
to develop ultrasonic camer PWM control techniques. These high carrier 
frequencies have enabled us to improve the overall performance, especially for 
applications that require both quick response and accurate control. Mainly, current 
controller forces the load carrent to follow the command current in the same power 
appmtus [I]. These devices may be AC motors or unintermptible power supplies 
(UPS'S). Current controller techniques have become an inteasive subject of research 
due to the offered advantages for improving the dynamic perfonnance ofhigh- 
performance AC drives, applying vector control [2.4]. 

In conventional techniques of PWM such as regular sampling and subharmonics 
techniques the desired P W M  switching points are determined according to the 
intersection points between the modulating wave and a triangular carrier wave at a 
certain switching frequency. The direct meaning of such anangements is tbat the 
pulse position within the switching period is not controllable [2,3]. The null time is 
the period at which the upper three switches of inverter or the lower three swkches 
are active and as consequence the inverter output voltage is zero. These null times 
are not controllable in conventional techniques It has been proved that the null times 
or non-conducting times ratio at pulse beginning and pulse end have a significant 
effect on the current harmonics 191. 
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Another disadvantage of the conventional techniques is the computational effort 
required for each one of the three phases, where the switching periods during one 
carrier period are usually calculated independently for each phase. This adds more 
burdens to any microprocessor-based system. These disadvantages have led to the 
development of SVM technique. 

Space vector modulation (SVM) current controller is becoming more popular for 
providing PWM control for high-performance inverter fed AC drives. SVM is 
gaining substantial attention as a promising field of research. Many researches have 
been executed to establish a relationship between regular-sampled PWM and space 
vector modulation (SVM) techniques and the effect of the proportion of null states 
(inverter zero output voltage) [3,798]. Other researches have focused on developing 
a theoretical criterion for the calculating the lower order harmonics of the current 
wave [5,7,8]. Others have paid special attention to the stator space voltage vector 
(YJ and PWM voltage wave and on developing voltage compensation techniques 
for Kwhen exceeding the inverter voltage limits [6,9]. 

This paper is focusing on the demonstration of three-phase PWM inverter 
different modes of operation according to the approach developed in [6,9]. It is also 
focusing on the demonstration of the effect of the switching frequency V;) on the 
inverter modes of operation and on the stator space voltage vector (YJ. Also 
developing statistical relationship between Land the inverter modes of operation has 
been investigated. 

Interior permanent magnet synchronous motor (IPMSM) has many advantages, 
such as higher efficiency, owing to the absence of rotor copper losses, lower no load 
current and much less sensitive to the motor parameter variations. Thus the IPMSM 
drive plays vitally important role in the motion-control applications in the range of 
low to medium power. To effectively control IPMSM, SVM technique is applied 
as a current controller on the inverter. 

2- Concept of voltage space vector . 

For a system of balanced three-phase voltage V, (f), Vb (f) and V, (t) of cycle 
period 2 z  The space voltage vcctor V, (t) can be expressed as 

VJt) = (V"/,,(f)+flV,,(~)+f12V,(t)) (1) 
Where: - 

a=E'f2"'3) 

This definition gives a practical and frj~ndly tool to handle three-phase quantities 
d w  to the reduction of notation comple::ity This concept is the basis of SVM 
technique [6]. 

3- Inverter Mathematical Model 

Figure (1) represents the switching logic of the inverter. Every two IGBTs on one 
arm are represented as one switch. The sir IGBTs of inverter circuit are represented 
as three switches No, Nb and N, 



If one of the two switches oil the same arm is one, the upper IGBT is conducting. 
While if it is zero, the lower one is conducting. The relationship between the three 
switches and the inverter output voltages are described according to the following 
equations [I]. 

V pwm - dc v, - - (2N , -Nb-No)  (4) 
3.0 

Where: - 
Va PWm, Vb PWm and V, Pwm: PWM.actua1 output voltage of phase a, b and c 

respectively. 
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Fig. (1) Equivalent circuit of voltage source inverter. 
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Fig. (2) Schematic di~gram of inverter 



I NaNbNc IlGBTs I Vas I s  I Vcs I Vab.1 V b c ( V c a I  

Table 1 Inverter switching logic table and inverter phase and 
line voltage 

The conduction modes of the inverter are composed of combinations ofthe 
inverter switches N, Nb and N,.  The detailed organization of the inverter switches is 
illustrated in Fig. (2). The eight switching modes of the inverter switches are 
demonstrated in table (1). 

Recalling the concept of the voltage space vector that has demonstrated in 
section (2) and equations (1-4). The inverter load voltages are expressed according to 
equation (5). 

Where: - 
6: Inverter voltage vectors 
k: inverter voltage vector number that has been demonstrated in the first column 

in table (1). 
The inverter voltage vectors are illustrated in Fig. (3). 

_v, =OOI -- v6=101 
Fig. (3) Space vector V,  (1) and inverter voltage 



4- Space vector modulation (SVM), concepts and theory , 

Space vector modulation is based on the concept of approximating the rotating 
reference voltage vector V ,  (t) to those that can be realized by three-phase PWM 
inverter [2,3]. This process is illustrated in Fig. (3). 

As illustrated in.Fig. (3) the stator space voltage vector V,(t):is superimposed on 
the stationary locus of the six output~volkges of the inverter (V,, V2, V3... Vg, which 
is spatidy oriented by n13 intervals plus two null voltages Vo and V7. The voltage 
vector V ,  (t) is decomposed into its equivalent components of the eight-inverter 
voltage vectors according to the sector where the voltage vector is located, the 
conducting sequence for sector 1 will be as followed: - 

vo 7, -v! -+v7 -CV7 -----tV 2- VO 
This conducting sequence is analyzed according to the switching modes that have 

been mentioned before in table (1). As illustrated in Fig. (3) the first step in the 
conducting sequence is Yo, the inverter switches which will conduct during this step 
is (4 6 2). The second is V,; the conducting switches are (1 6 2). The third step is V2; 
the conducting switches are (1 3 2). The fourth Step is V7; the conducting switches 
are (1 3 5). This process is repeated vice versa during the second half of the 
switching period (T& Ts is divided into two equal halves, known and a sampling 
period. Just l i e  regular sampling scheme, every switching period contains two 
equal sampling times, one for the leading edge and the other is for trailing edge. But 
in the contrary to regular sampling scheme, the widths of the two samples are equal 
and the pulse is centered inside the switching period. Also in SVM pulse position 
inside the switching period is complctelj. controllable through changing between the 
null times at the beginning and the end of the switching period according to the 
criteria required. But in regular sampling this merit is absolutely out of the scope. 
The detailed process of PWM in SVM for sector 1 is illustrated in Fig. (4) [2-41. 
This conducting sequence can be applied for other sectors. 

Fig. (4) Resultant three phase PWM waveform of one 
switching ~er iod 



. . .  . . . . .  From Fig. (4), it is obvious that; - . : .  . . . .  . . 

TJ2=toftt+tz+t, 
Where: - , 

TJ2 is known as sampling period. 
t&is known as modulation period. 
band t7 are known as null periods or non-conducting periods. 

5- S V M  analysis and implementation with IP&M 

The practical implementation and analysis of the SVM current controlled inverter is 
,achieved according to the block diagram shown in Fig. (5) .  

" ...... " .................................. .............. "" .......................B,.......................... 
: : a, . . i Current controller 

vqr * + 
vortnge 

i . i . Decuuphg Vector 
i . : . Col~ulotio~IS ColeulnriOlIS 

4 

ydr * 
. . 

PWM 
Calculations 

Gaiing 

..... 
Fig. ( 5 )  Block diagram of SVM current scheme 

Where: - 
i,,*, id,*: Synchronously rotating quadrature axis and direct axis reference 

currents respectively. 
iq, id,: Synchronously rotating quadrature axis and direct axis actual currents 

res~ectivelv. 
bird, F5rd: Stator synchronously rotating reference voltages before decoupling 

* circuit. 
V,, , Vdr : Stator synchronously rotating reference voltages after decoupling 

circuit. 
a: Inclination angle. 
i: Sector number. 

The details of each block will be explained in the next subsections of this paper. 



5.1 PI current controllers 

Both reference and achral currents of d-axis and q-axis are compakd. The error 
slgnds are manipulated through two PI controllers. The outputs are the stator 
voltage referred to rotor reference frame of both d-axis and q-axis. 
Where: - 
Kp and Ki: the PI current controller parameters. 

5.2 Stator Reference Voltage calculation ,. ............ . ............................ .... 
Voltage decoupling 

Fig. (6)  PI current regulator with back-EMF compensation 
The d-axis and q-axis currents can not be controlled independently only by Vqd and 
Vdrd because of the cross-coupling effects such as a,&$,, and @&id,. These factors 
are dominant in electrical machines with large inductance like IPMSM. Therefore 
these factors affect both current and torque responses. The back-EMF feedfornard 
compensation scheme is applied to reduce the effect of disturbances and to achieve 
d-q axis decoupling control. The details of this fimction are illustrated in Fig. (6). 

The back- EMF of q-axis: - 
. :  

E,, = %(L,,..i,,, +Y,) (9) 
The back- EMF of d-axis: - 

E d ,  = -@, (Lqr .iqr (10) 
Where: - 

Ldr, Lg,: direct and quadrature axis inductance, respectively. 
y q  constant flux linkage of  permanent magnets. 
0,: the electrical angular velocity of IPMSM. 

The stator space voltage vector V ,  magnitude is calculated as followed: - 
= Jm- (11) 



5.3 Gating pulses periods calculations 

These calculations are mainly based on the vector diagram demonstrated in Fig. (7). 
According to the concept of SVM the voltage vector is .decomposed into its 
equivalents of eight inverter voltage vectors. This process mainly depends on 
inclination angle (a) and sector number (i) as explained below. Calculations of a and 
iare detailed in [9]. 

Fig. (7): Decomposition of stator space voltage vector (V,) 
into inverter voltage vectors. 

K is decomposed into its equivalent inverter voltage vectors V, and 6 

U,, = b/eos(30°) = 2bl.& = 2.~s.sin(a)l& (12) 

U,, = V,eos(a) - U, . cos(60°) = V,cos(a) - ~,s in (a ) /& (13) 
Where: - 

UQ and U,I: Projection of voltage .~ector V ,  into inverter vectors V2 and V, 
reqxctively. 

Periods, t~ and t are directly proportional to U,1 and Us,, respectively. These 
time intervals, tl and tzare calculated as followed [9];  

By substituting equations (12-13) into equations (14-15) we get 

tz  = &.v, .sin(a).~,l~,,, (16) 

3 1 .  
t ,  = -V, .T, (cos(a) - - sm(a))N, 

2 45' (17) 

From equation (6) and considering to=t7; t h o :  



6- Inverter operation modes and voltage iimitations 

In SVM one of the most undesired behavior when the space vector V .  () exceeds 
( 1 1 6 ) ~ ~ ~ .  In this case the modulation periods must be rescaled to avoid negative 
null voltage times [9]. Ilns rescaling process is done through the following 
equations: - 

to= t ,  = 0.0 
Where: - 

t,' and tzl: The modulation times for abnormal operation mode before resacling 
t,'' and tz1J: The rescaled modulation times for abnormal operation mode. 

The inverter operation modes are illustrated in Fig. (8). Detailed description for . ,. 
every mode is demonstrated in the incoming subsections. 

Fig. (8) SVM current controlled inverter operation modes 

6.1 Linear mode 

70 insure a sinusoidal inverter output voltage waveform, the magnitude of stator 
space voltage vector V,  (t) must lie within the circle with radius ( 1 1 6 )  Vdc. In this 
case the inverter mode of operation is called linear 

6.2lnverter operation in overmodulation range 

In SVM technique, inverter voltage vector V,  (t) sometimes exceeds the value ( 116 )  
VaC and it is still less than (213) Vdc, in this case the over modulation range is 
reached [6,9]. Reaching this mode of operation, the inverter loses its linear 
characteristics and a voltage compensation technique is required. The proposed 
scheme in overmodulation range will be described with reference to Fig. (8). As 
voltage vector increases above ( 1 1 6  Vdc and still less than (213) Vd,, then the 
reference voltage vector exceeds inverter capability and therefore a modified voltage 
trajectory has to be set [6].  



As illustrated in Fig. (8). Reaching overmodulation range, every inverter sector 
is divided into three regions. First region is the middle region. It is completely out of 
inverter capability. The other two regions are.the lower and upper sides. They are 
within inverter capability. These three regions are defmed according to the 
inclination angle. Therefore there are two values o'f a because the overmodulation 
circle intersects with hexagon boundaries in two points. The compensation scheme 
that will be applied is based on changing the inclination angle to the inverter 
capability regions with keeping the voltage vector amplitude constant. 

a, = c o d  (( I/&)V,>N,)' (20) 

Wkre  a, is called compensation angle 

7c a,,, = - - 
6 ag 

Where a&, and  are the boundaries of inverter capabilities. 
Inclination angle (a) is modified according to the following conditions: - 

6.3 Inverter operation in six-step mode 

Under completely saturated conditions V, a213) Vde, the active modulation time is 
kept constant at T,and the inverter switches from circular space vector trajectory to 
hexagonal trajectory. This mode of operation is illustrated in Fig. (8). 

7- Simulation results 

The idea of event driven indicative flag is presented to demonstrate inverter 
operation mode. This flag takes three values, zero indicates linear mode, one 
indicates overmodulation mode and two indicates six-step mode. At rated values of 
motor speed, load torque and dc link voltage, the performance of SVM current 
controller operating at different switchivg frequencies is investigated. Figure (9) 
sh,.lws the performance at low switcl!lr~ frequency that equals 5 kHz. The 
dcierioration of the stator curcent waveform is obvious in Fig. (9-a). Figure (94) 
indlsates that inverter operates most of the time at overmodulation and six-step 
modes. Figure (9-b) shows that the motor stator phase voltage waveform is highly 
distorted. When increasing the switching frequency to 10 kHz the performance of 
the SVM current controller is better than that at 5 kHz, as shown in Fig. (10). Figure 
(10-d) indicates that the inverter operation at overmodulation and six-step modes are 



less than that shown in Fig. (94). Figure (1 1) indicates the performauce at switching 
frequency equ& 15 kHz. This figure shows that this performance is the best because 
the inverter operates all the time at the limear mode, as shown in Fig. (1 14). 

In Fig. (12) statistical relationship is illustrated between f, and the ratio of 
inverter operation modes. To avoid operation in relatively high ratio of six-step 
mode, there is a critical switching frequency (fJ that inverter must notoperate 
below. This frequency (f.) is defined as the minkpum frequency that inverter begins 
to operate totally at l ine .  mode with no operation in six-step mode. Figure (12) 
indicates that this frequency is almdst equal to 15.0 It& at rated values of motor 
speed, load torque and dc l i d  voltage. 

Effects of the per unit values of dc link voltage ( V d d  on the SVM are illustrated 
in Fig. (13) and Fig. (14). This relationship has been derived at rated motor speed 
and motor load. Figure (13) demonstrates the ,effects of V* on the SVM 
performance at critical switching frequency (f, = 15.0 kHz.). It is observed that at 
rated V,+ the ratio of inverter operation at linear mode is 100%. While reducing V*, 
the inverter operates most of the time at six-step mode. Figure (14) demonstrates the 
effects of Vdc on the critical switching frequency (f,). It is observed that reducing 
VdO the critical switching frequency (f,) must be increasedto fulfill the required 
inverter operation at linear mode and then avoid distortion in stator current 
waveform. 

The effect of motor speed on the inverter critical switching frequency (f,), at 
rated values of both load and dc link (V*) is illustrated in Fig. (15). It indicates that 
the reference speed variations has no effect on f,. The critical switching frequency 
(fJ is constant at 15.0 kHz regardless any motor speed variations. 

The effed of motor mechanical load on the inverter critical switching frequency 
(f,), at rated values of speed and dc link (VdJhas been demonstrated in Fig. (16). It 
is obvious, from this figure, that at loads less than the rated motor load, changing 
motor load has no effect on the value of f,, Also this figure shows thatwhen 
overloading the inverter, f. must be increased. 
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Fig. (9) SVM with switching frequency f, 
=5.0 !dz. 

(a) Phase (a) current waveform. 
(b) Phase (a) voltage waveform. 
(c) Stator voltaic vector V,waveform. 
(d) ~ndicativk flag waveform. 

l ime  
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Fig. (10) SVM witlswilcl~ing frequency f, 
=10.0 kHz. 

(a) Phase (a) current waveform. 
(b) Phase (a) voltage waveform. 
(c) Stator voltagc vcctor V, waveform. 
(d) Indicative flag waverorm 



Fig. (I I) SVM with switching lrequcncy f, 
=15 H z .  

(a) Phase (a) current waveform. 
(b) Phase (a) voltage waveform. 
(c) Stator voltage vector V, waveform. 
(d) Indicative flag waveform. 

Frequonc( PHz.) 
Fig. (12): Ratio of inverter operating 

modes at different switching frequencies. 

Fig. (13): Inverter operation modes at 
different Vdc with f3=15 kHz. 



Fig. (14): The effect of Vdc on critical switching frequency (f,) 

Fig. (15): The effect of motor speed on critical switching frequency (f,). 

Fig. (16): The cffect of motor load on critical switching frequency (f,) 

8- Conclusions 

Complete inverter mathematical model and thc basic concepts of SVM tcchniquc 
havc been demonstrated in this paper. Inverter opcration modes have been vcrified 
according to the amplitudc and position of voltage vector (V, (t)) with rcspcct to thc 
invcrtcr hcxagon. 



It has been proved that with increasing the switching frequency, The inverter 
tends to operate in its linear mode. On decreasing the switching frequency, the 
inverter tends to operate in six-step mode, where the inverter is not capable of 
fulfilling the reference voltage vector V,  (t). The direct result of such operation in 
six-step mode is the deterioration of the current wave. Statistical relationship has 
been developed between switching frequency and .the ratio of inverter operation 
modes. Thc effects of changing dc link voltage, motor speed and mechanical load 
torque on the inverter modes of operation havc been investigated. 

9. Appendix 
Motor parameters Current control'ler oarameters 

.I, =O. 003 kgm2 Kp =O. 1022. 
B,,=O. 0008 N m./rad/sec. Ki = 755.0. 
LpO. 04244 H. 
L,=O.O796 H. 
r,=1.93 f2 
P=2 
Base speed wb =377 rad./sec. 
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