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Introduction

Performance of a drive system mainly depends on the quality of
the current loop and therefore, efficient current control of PWM
inverters is very important in high dynamic performance applica-
tions. The current controlled PWM inverters are well suited for
high performance drive applications. In the current controlled
inverters, the hysteresis controllers are extensively used due to
their inherent simplicity and fast dynamic response [1-2]. The
hysteresis controllers can be broadly classified into two cate-
gories. (a)  conventional hysteresis controllers ( b) space phasor
based hysteresis controllers. In the conventional hysteresis con-
troller, three independent hysteresis controllers are used for the
three phases and the state of each leg of the inverter is indepen-
dently determined by the hysteresis controller, in the respective
phase. These controllers result in high frequency switching due to
limit cycle operation and have sub-harmonic oscillations [3-5].
Also, independent hysteresis controller for the three phases,
results in wide switching frequency variation, depending on the
load parameter variation and with output AC voltage. The   varia-
tions in the switching frequency can be controlled, by changing
the tolerance band according to the output AC voltage amplitude
[6-8]. These types of schemes are very complex to implement and
the simplicity of the conventional hysteresis controller is also lost.
The switching frequency variations, with output voltage, for a
conventional independent controller is presented in [9]. The space
phasor based hysteresis controllers operate on the current error
space phasor, which reflects the combined effect of the current
errors on the A, B, C phases of the induction motor.  The current
error space phasor is kept within a boundary by choosing an
inverter voltage vector which will bring back the error space phasor
whenever the error space phasor goes beyond this boundary 
[10-17]. The space phasor based hysteresis controllers utilize the
zero vector also along with the non zero vectors and this results in
reducing the switching frequency [10]. Though it needs extensive
off line computation and complex implementation schemes, pre-
dictive controllers proposed in reference [11] achieves optimum

PWM switching and minimum switching frequency. The hystere-
sis regulator presented in reference [12] achieves fast response
during transients by choosing vectors with largest current error
deviation in the opposite direction whenever current error
becomes very large during transients. But this results in non-opti-
mum PWM switching and also this scheme needs estimation of
back emf from the high frequency current error derivatives. In 
reference [13], a space phasor based hysteresis controllers is pre-
sented where the current error is represented in the orthogonal d-q
axes and appropriate vectors are selected to keep the current error
within a rectangular boundary. This controller has good dynamic
response and use simple look up tables to select the inverter 
vectors. However it does not always ensure optimum PWM
switching, as the nearest vectors to the machine voltage vector is
not always selected. In reference [14] and [15] space phasor based
hysteresis controller with adaptive switching pattern schemes are
proposed to achieve reduced inverter switching. But these
schemes do not explain the operation in over modulation region
extending to six-step mode. Multi axis hysteresis controllers moni-
tor current errors along three 120° axes resulting in a hexagonal
boundary [16, 17]. In the multi axis space phasor based hysteresis
regulator presented in [17], the current error space phasor is 
represented on   three axes which are perpendicular to the A, B, C
axes. This multi axis space phasor based controller always chooses
one of the nearest vectors to limit the current error space phasor
within a hexagonal boundary. This ensures optimum PWM
switching and does not need any information of the back emf 
vector. In this scheme, the hexagonal boundary region for inverter
vector selection forming a triangular sector is not properly selected
and hence results in high frequency PWM switching at the 
hexagonal corners. Also, the over modulation region boundaries
are not properly selected.

In this paper, a multi axis current hysteresis controller, where the
current error space phasor is kept within a hexagonal boundary, is
presented. A suitable inverter voltage vector is selected whenever
the current error space phasor hits the hexagonal boundary, using
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a simple look up table. The regions in the hexagonal boundary are
determined such that, whenever the current error hits the boun-
dary, the voltage vector ( among the three adjacent vectors ) which
will result in the largest current error deviation away from the
boundary is selected. The proposed scheme also eliminates the
high frequency hexagonal corner boundary switching, by properly
identifying the boundary regions for the inverter vector selection.
Simple look up tables are used for the PWM generation and the
proposed scheme works well in the over modulation region, with
a smooth transition to the six-step mode operation.

Principle of the space vector based hysteresis 

controllers

The space vector based hysteresis controllers use the concept of
the current error space phasor, which represents the combined
effect of the current errors in the individual phases. Fig. 1 shows
the inverter voltage vectors, six active vectors (V1 to V6) and the
zero voltage vector VZ, with vector V1 oriented along the A-phase
axis. While the voltage vectors from the inverter can only take
these discreet vectors along with the zero voltage vector, the refe-
rence current space vector and the actual machine current space
vector can have any position. 

In Fig. 1, i and i* show the actual machine current space vector
and the reference current space phasor respectively at a particular
instant. The current error space phasor or the current deviation
vector; ∆i, can be defined as [10, 13, 17].

∆i = i – i* (1)

The current deviation vector is the resultant of the individual cur-
rent errors in the three phases. If ∆ia, ∆ib and ∆ic are the instanta-
neous current errors along the A, B, C phases respectively, the
current error space phasor can be viewed as the vector sum of
these individual current errors as shown by (2),

(2)

The basic principle of the space vector based controllers is to
select an appropriate inverter voltage vector so that current error
space phasor is kept within an appropriate boundary. The relation
between the inverter voltage vector v[k] and the current error
space phasor can be derived as following:

The voltage equation for a three-phase voltage source inverter is
given by (3), where Vb is the back emf vector, Lσ is the stator 

∆ ∆ ∆ ∆i  e ea b

j2 3
b

j4 3= + +i i i
π π

leakage inductance and Rs is the stator resistance.

(3)

Substituting (1) in (3),

(4)

(5)

Neglecting Rs ∆i (5) becomes,

(6)

In (6), the term can be expressed as Vm, the

machine voltage vector when the machine current is assumed to
be equal to the reference current [6]. 

(7)

If the inverter voltage vector, v[k] could be equal to Vm at every
instant, the machine current would have been the same as the 
reference current, without any deviation. But since the inverter can
generate only one of the eight distinct vectors, it would result in a
current error deviation. From (7), the direction at which the 
current error space phasor moves is given by;

(8)

Equation (8) shows that for a given Vm, the current error space
phasor moves in different directions for different inverter voltage
vectors. When one inverter voltage vector is applied, the current
error moves in a particular direction and hits the hysteresis boundary
in that direction.  The space phasor based hysteresis controller
then applies another inverter voltage vector, which would result in
the error vector moving in the opposite direction (i.e. away from
the boundary) so that error space phasor is brought back into the
boundary.

This means that the switchings in the individual phases are coor-
dinated to get the desired inverter voltage at every instant.
Different strategies have been proposed to choose the desired
inverter voltage vector to keep the current error space phasor 
within the boundary [10-17]. The boundary for the current error
depends on the axis along which the individual current errors are
monitored. If the current error space phasor is seen as the sum of
two orthogonal currents, the current error space phasor is limited
within a rectangular boundary [10, 13]. If the current errors are
monitored along a set of three 120 degree separated axes, it results
in the current error space phasor being kept within a hexagonal
boundary [12, 16, 17].  
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Fig.1: The inverter voltage vectors and the current error space
phasor
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In reference [17], a space phasor based hysteresis controller is pre-
sented where the current errors are monitored along three axes   jA,
jB, jC which are mutually perpendicular to the A, B, C axes. The
current error space phasor is kept within a hexagonal boundary by
applying an inverter voltage vector among the three adjacent vec-
tors, which will bring down the error whenever the hexagonal
boundary is hit.  It does not use any computation to determine the
position of the back emf vector and when the current error space
phasor hits a region of the hexagonal boundary, an inverter voltage
vector among the nearest three vectors to the machine back 
emf vector is selected. A region detector is used to identify the
region of the hexagonal boundary hit by the current error space
phasor. But the region decoder employed in reference [17] does
not ensure that the voltage vector with largest error deviation is
selected for all the regions of the hexagonal boundary. In the pre-
sent work, a modified region detector is used so that every region
in the hexagonal boundary is uniquely associated with an inverter
voltage vector which has the largest error deviation in the opposite
direction so that the error space phasor is brought within the
hexagonal boundary, quickly. Also, the high frequency inverter
switching at the hexagonal corner boundary is avoided in the
scheme.

The proposed space phasor based current

hysteresis controller

In the proposed space phasor based hysteresis controller, the 
current error space phasor is kept within a boundary, by applying
one of the three inverter voltage vectors which are adjacent to the
machine voltage vector Vm. This feature of adjacent vector selec-
tion is retained for the entire speed range of operation. Fig. 2
shows the inverter voltage vectors and the machine voltage vector
Vm for two positions of machine voltage vector. When the
machine voltage vector Vm is in sector-1, let us consider the direc-
tions of the current error space phasor when the three adjacent
vectors V1, V2 and VZ are switched.

In Fig.2, when V1 is switched, the current error space phasor will
move in the direction PA and when V2 is switched, the error space
phasor will move in the direction of PB (equation (8)). When the
zero voltage vector VZ is switched, the error space phasor will
move in the direction of OP’. It may be noted that these directions
correspond to the particular instant when the machine voltage vec-
tor is located as OP and these directions will change with the posi-
tion and amplitude of the machine voltage vector. But these
directions for a particular inverter voltage vector (V1, V2, VZ for
sector-1) are confined within two directions each corresponding to
the respective two boundaries of sector-1[11] . For example, when
inverter voltage vector V1 is switched and when the machine voltage
vector is along OA (which is the boundary between sector-1 and
sector-6,) the error space phasor moves along OA. Similarly, for
inverter voltage vector V1, the error space phasor will move in the
direction of OF when the machine voltage vector is along OB
(which is the boundary of sector-1 with sector-2). So, for any posi-
tion of machine voltage vector within sector-1, when vector V1 is
switched, the directions in which the error space phasor can move
are confined within these two directions. In the same way, for sec-
tor-1, when V2 is switched the current error space phasor can
move in any direction, confined within the directions of OC and
OB. When zero voltage vector is switched the error space phasor
directions are confined within the directions of OD and OE [17].
These three set of directions are shown in Fig.3. This set of direc-
tions can be used to define a boundary for the error space phasor,
beyond which it should not be allowed to move. For example if the
error space phasor moves in a direction parallel to any direction
bounded by the directions of OA and OF, it can touch a boundary
XZ as shown in Fig. 3.This boundary can be decided to be any-
where at a distance ‘h’ along the jC axis.

Similarly, the directions OC and OB define another boundary YX
along the jA axis and the directions OD and OE define the third
boundary along the jB axis. Therefore, when the machine voltage
vector is in sector-1, whenever V1 is switched, the current error
space phasor will approach and hit the boundary XZ, in a parti-
cular direction which depends on the instantaneous position of the
machine voltage vector (8). Similarly the error space phasor will
hit the YX boundary when V2 is switched and will touch the YZ
boundary when the zero voltage vector is switched. These three
boundaries define a triangular boundary XYZ as in Fig. 3, the
sides of the triangle being at a distance ‘h’ along the jA, jB and jC
axes. It can be verified that this same triangular boundary exists
for all the odd sectors, i.e. sector 1, 3 and 5 [17].

When the machine voltage vector is in sector-2, the adjacent
inverter voltage vectors to be switched are, V2, V3 and VZ.( Fig.1).
In this case also we can determine the directions within which the
error space phasor can move when each of these vectors are

Fig. 2: The machine voltage vector and directions of current
error space phasor

Fig. 3: The boundary of current error space phasor in Sector-1

Fig. 4: The boundary of current error space phasor in Sector-2
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switched. When V2 is switched, the directions within which the
error space phasor can move are OA and OB. Similarly, the direc-
tions  OC and OD correspond to V3 and  the directions OE and OF
correspond to VZ. These three sets of directions also will define a
triangular boundary as shown in Fig. 4, where the three boundaries
are along the – jA, – jB and – jC axes. It can be verified that for all
the even sectors (sector 2, 4 and 6; Fig. 2), the current error space
phasor directions are bounded by this triangular boundary.

Fig. 5 shows the boundary within which the error space phasor can
move when the machine voltage vector moves through all the sectors.

Selection of inverter voltage vector within each sector

The proposed hysteresis controller uses only vectors which are
adjacent to the machine voltage vector. As mentioned earlier,

within a sector, when a particular inverter voltage is switched, it
makes the error space phasor to move towards one of the boun-
daries (Fig. 3 for odd sectors and Fig. 4 for the even sectors). The
inverter voltage vector is continued till the error space phasor
reaches another boundary. Once the space phasor hits the boun-
dary, the inverter voltage vector is changed so that error space pha-
sor is brought back within the boundary, and moves towards the
opposite side of the triangular boundary. The proposed controller
divides the triangular boundary to three regions and each of these
regions is associated with a suitable inverter voltage vector
(depending on the sector) which will take the error space phasor
towards the opposite side of the triangular boundary. 

Fig. 6a shows the regions and vectors for the sector-1. The trian-
gular boundary is divided into three regions R1, R2 and R3 as
shown in Fig. 6a. As shown in Fig. 6a, when the error space pha-
sor hit anywhere in the region R1, the zero voltage vector VZ is
selected so that the error space phasor moves towards the opposite
side. Similarly vector V1 and V2 are selected when the error space
phasor is hitting the boundary in the R2 and R3 regions respec-
tively. Fig. 6b shows the regions and the respective vectors for all
the odd sectors (which all have the common triangular boundary),
which would take the error space phasor away from each region.
Fig. 6c shows the regions R– 1, R– 2 and R– 3 and the associated vectors
for sector-2, and Fig. 6d shows the regions and vectors for all the
even sectors.   

It is shown that, for odd sectors the boundaries are placed along
the jA, jB, jC axes and for even sectors the boundaries are placed
along the – jA, – jB, – jC axes and this would result in the combined
boundary as shown in Fig. 5. It may be noted that, for this 
triangular boundary, the error space phasor moves to double the

Fig. 5: The boundary of current error space phasor 

Fig. 6a: The regions and the vectors to be switched for sector-1 Fig. 6b: The regions and the vectors to be switched for the
odd sectors  

Fig. 6c: The regions and the vectors to be switched for sector-2 Fig. 6d: The regions and the vectors to be switched for even
sectors
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distance, along the – jA, – jB, – jC axes in the case of odd sectors and
along jA, jB, jC axes for the even sectors (Fig. 3 and Fig. 4). If we
place boundaries along all these axes, for both odd as well as even
sectors, we would get a hexagonal boundary as shown in Fig. 7.

In the proposed work, the hysteresis controller is implemented
with this hexagonal boundary, where along all the six directions 
(– jA, – jB, – jC, jA, jB, jC) , the current error is held always within
the hexagonal boundary limits. This hexagonal boundary can be
divided into different regions consistent with regions of the trian-
gular boundaries defined in Fig. 6a and Fig. 6c. Fig. 8a shows the
different regions of the hexagonal boundary for the odd sectors 
(R– 1, R– 2, R– 3) and Fig. 8b shows the regions of the hexagonal
boundary  for the even sectors (R– 1, R– 2, R– 3). 

Each region of the hexagonal boundary is associated with an
unique vector for each sector as explained earlier (Fig. 6b and 
Fig. 6d), which will force the error space phasor to the opposite
direction. The different regions and respective inverter voltage
vectors to be switched are shown in Table 1. 

Region detection and vector selection

The proposed hysteresis controller uses a hexagonal boundary
which is divided into different regions R1, R2, R3 for odd sectors
and R– 1, R– 2, R– 3 for the even sectors. These regions can be identi-
fied using a simple logic based on the comparators placed along
the jA, jB, jC, – jA, – jB, and – jC axes. The current components
along jA, jB, jC axes can be computed for the A-phase and B-phase
currents of the machine, using the following equations, where iA,
iB and iC are the actual machine phase currents [11].

(9)

Then the current errors along these axes are

(10)

where i*jA, i*jB, i*jC are the components of the reference current
along the jA, jB, jC axes respectively.

Fig.9 shows the comparators along the  axes.

The comparator remains OFF (‘0’) when the current error is within
the hysteresis band in that direction. The comparator turns ON (‘1’)
when the current error space phasor just crosses the hysteresis
boundary through that particular side of the hexagonal boundary.
Each side of the hexagonal boundary is divided into two segments
as shown in the Fig.10 .The region detector logic identifies the
segment through which the current error space phasor crosses the
hexagonal boundary. This can be determined using a simple logic.
For example, for sector-1, the current error space phasor hits the
segment Ra1, if the jA comparator is ON and the component of the
current error along the jB axis is greater than the current error
component along the jC axis, i.e. ∆ijB ≥ ∆ijC. If ∆ijB < ∆ijC, it is
clear that the error space phasor crosses through the segment Ra2.
The logic to determine each of these segments is given below; 

When jA = 1; If ∆ijB ≥ ∆ijC segment is  Ra1, else  Ra2

When jB = 1; If ∆ijC ≥ ∆ijA segment is  Rb1, else  Rb2

When jC = 1; If ∆ijA ≥ ∆ijB segment is  Rc1, else  Rc2

When – jA = 1; If ∆ijB ≥ ∆ijC segment is R– a2, else R– a1

When – jB = 1; If ∆ijC ≥ ∆ijA segment is R– b2, else R– b1

When – jC = 1; If ∆ijA ≥ ∆ijB segment is R– c2, else R– c1

∆ ∆ ∆i i i i i i i i ij j j j j j j j j
A A A B B B A C C= − = − = −∗ ∗ ∗,   ,   

i i i i i i i i ij B C j C A j j jA B C A B
= −( ) = −( ) = − +( )3

2

3

2
     

Fig. 7: The hexagonal boundary for the current error space
phasor

Fig. 8a: The regions and the vectors to be switched for odd
sectors

Fig. 8b: The regions and the vectors to be switched for even
sectors

Table 1: The regions of the hexagonal boundary and the
inverter voltage vectors

Sector Regions

R1 R2 R3 R– 1 R– 2 R– 3

1 VZ V1 V2 * * *
2 * * * V2 V3 VZ

3 V3 VZ V4 * * *
4 * * * VZ V4 V5

5 V5 V6 VZ * * *
6 * * * V1 VZ V6
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It may be observed from Fig. 10 that each region of the hysteresis
boundary (as defined in Fig. 8a and Fig. 8b) is composed of four
segments. For example, the region R1 is composed of the seg-
ments Ra2, R– b1, R– b2 and R– c1. If the current error space phasor
touches the hexagonal boundary along any one these four seg-
ments, the region is identified as R1. Similarly, all the regions can
be identified using similar relations as shown in Fig.10. Once the
region is determined the inverter voltage vector to be switched to
bring the current error back into the hysteresis boundary is selected
using a look table (Table 1) as explained before. 

High frequency switching between two vectors can occur, while
the current error hits the hexagonal boundaries exactly along the
axes. For example, let us assume that the current error crosses the
hexagonal boundary exactly through the jA axis. The jA axis forms
the boundary between region R1 and R2. Hence, the region detec-

tion logic while tracking the error space phasor will briefly switch
between R1 and R2. The controller then will switch between VZ
and V1 and this would result in high frequency switching of the
inverter. This would appear as a high frequency ‘jitter’ in the
inverter output. In the proposed hysteresis controller such high
frequency switching along the axes are avoided by a simple logic.
When the current error crosses the hexagonal boundary along jA
axis, the jA comparator will be ‘ON’ and it will remain ON, till the
error is brought back within the hexagonal boundary, by vectors
VZ or V2. Since the jA axis is exactly the boundary between  R1
and R2, any of these vectors V1 and VZ, can bring back the error
space phasor. Therefore, once a vector is selected, the proposed
controller selects a new vector only if the current error space 
phasor comes within the hexagonal boundary and hits the boundary
at some other region. Till then the previous vector is persisted. This
technique will ensure that, once a vector is selected (which will
definitely bring the error back to the boundary) the same vector is
continued till the error space phasor hits the hexagonal boundary
in another region. This will naturally avoid all high frequency
switching that may occur between two vectors, when the current
error hits the boundary exactly along the axes.

Self adaptive sector selection logic

The proposed hysteresis controller use s a self-adapting logic to
identify the instants at which the machine voltage vector crosses
from one sector to another. This sector change is identified with
the help of another set of comparators placed a little further than
the comparators used for the vector selection [17]. The compara-
tors for the vector selection and sector selection along the jA axis
are shown in Fig. 11 Similar comparators are used in other axes
also.

Let us consider the situation when the machine voltage vector
moves from sector-1 to sector-2. It may be noted that when the
machine voltage vector is very close to the boundary of sector 1
and sector-2, the vector selected would be either V2 or VZ as these
are near to machine voltage vector and hence would result in
smaller deviation of the error space phasor (parallel to Rc1 and
Rc2, Fig. 10). When the machine voltage vector is along OB
(Fig. 2), the current error would be moving in direction parallel to
the OB direction when V2 is switched and it will be parallel to OF
when VZ is switched. In both the cases, the rate of change of cur-
rent error along the jC axis will be zero as these directions (OB and
OE) are perpendicular to the jC axis. Now, let us assume that, the
machine voltage vector crosses to sector-2. As the machine voltage
crosses over to sector-2, the deviation of current error space 
phasor will increase in the jC direction and may cross the hexago-
nal boundary. The controller is yet to detect the sector change and
the controller takes all action as if the machine voltage vector is in
sector-1. Therefore, the region detection logic will identify that
the current error space phasor has crossed the segment Rc1 or Rc2
and still the vector selected will be V2 or VZ. This will further
increase the current error deviation in the jC axis and the outer
comparator along the jC axis also will turn ON. This can be used
to detect that the machine voltage vector has moved over to sec-
tor-2, and the sector changing logic updates the current sector as
sector-2. Now the region detection logic will identify that the cur-
rent error has hit the region R2 (jC axis for sector-2 and all even
sectors, is included in region R2, Fig. 8b) and vector V3 will be
selected (Table-1), which will bring the current error within the
hexagonal boundary. Therefore, the crossing over of Vm from sec-
tor-1 to sector-2 is uniquely identified, with the state of the outer
comparator along jC axis. It can be verified that, that if the
machine vector moves from the sector-2 to sector-1 ( i.e. the motor
rotates in the opposite direction) the current error will increase
through the – jC axis. 

Therefore, whenever the machine voltage vector crosses from one
sector to the next sector, the current error will increase along a

Fig. 9: The inner comparators (for vector selection)

Fig. 10: The regions and the segments for the hexagonal
boundary

Fig.11: The outer hysteresis band and the directions of current
error space phasor during sector change
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unique axis (which is the axis perpendicular to the boundary) and
this is identified from the state of the outer comparators. The
directions for sector change can be similarly identified also for the
case where the machine voltage vector is rotating in the clockwise
direction (reverse direction). Here the sector changes happen
through the axis, which is opposite to that for the corresponding
sector change in the forward direction [17]. For example, the sec-
tor change from sector-1 to sector-2 is through the jC axis and the
sector change from sector-2 to sector-1 (reverse speed operation)
is through – jC axis. Fig. 11 shows the axes along which the 
current error would cross the outer hexagonal boundary, when
the machine voltage rotates in the anti-clock wise direction. The
look-up table for the sector selection (for both directions) is given
Table 2.

Operation of the proposed controller during over modulation

When the motor is running in the higher speed regions, the
machine voltage vector will be moving fast and   will have a large
amplitude since the motor back emf will be high (equation (6) and
(7)). Fig. 13a shows the situation where the machine voltage vec-
tor Vm (OP), has  a large amplitude and is outside  sector-1. PA
and PB are the directions in which the current error space phasor
will move when vector V1 and V2 are switched respectively. Fig.
13a, also shows the trajectory of the current error space phasor,
where the current error space phasor will be alternatively hitting
the regions R2 and R3 while V1 and V2 are switched. If the current
error space phasor hits the hysteresis band in the region R3 at D as
shown in Fig. 13a, the controller will switch vector V2 (Fig. 8a,
Table 1). 

Now the current error will move along DE which is parallel to the
direction of PB (Fig. 13a) and will hit the boundary at E (region
R2) upon which vector V1 will be selected, taking the current error
space phasor along EF (which is parallel to PA) and will again hit
the hysteresis boundary in region R3. This alternation between
regions R2 and R3 (and vectors V1 and V2) will continue resulting
in the current error space phasor coming out of the hysteresis

boundary through the jB axis as shown in Fig. 13a. The proposed
controller detects this movement of the current error through the
jB axis when it crosses the outer hysteresis band and it changes the
sector from sector-1 to sector-2. 

Fig. 13b shows the current error space phasor with new regions for
sector-2, and it can be observed that present position of the current
error space phasor falls in the region R– 1 of sector-2. Previously,
the current error space phasor could have crossed the outer hys-
teresis band with V1 or V2 depending on the outer hysteresis band
and the speed at which the machine voltage vector is moving. But
once the controller has updated the sector as sector-2, the con-
troller will output V2, as the current error space phasor is in the
region R– 1 (Fig. 8b, Table-1). Hence the current error space phasor
will continue to move away from the hysteresis boundary with
vector V2 as shown in Fig. 13b. It may be noted that the controller
has advanced to sector-2, but the machine voltage vector may still
be from sector-1 (but it should be that V2 is an inverter vector used
in sector-1 and sector-2). Since the machine voltage vector is

Table.2: The look-up table for sector selection
[* means continue with the present sector]

Sector The direction in which current 
error crosses the outer comparators

jA jB jC – jA – jB – jC
1 6 * 2 * * *
2 * * * * 3 1
3 4 2 * * * *
4 * * * 3 * 5
5 * 6 4 * * *
6 * * * 1 5 *

Table 3: The look-up table for sector selection for the 
conditions two outer comparators are switched

Sector The comparator pairs (regions where 
two comparators will be ON)

jA jA jB jB jC jC
– jB – jC – jC – jA – jA – jB

1 6 * * * 2 *
2 * 1 * * * 3
3 4 * 2 * * *
4 * 5 * 3 * *
5 * * 6 * 4 *
6 * * * 1 * 5

Fig. 12: The regions where two outer comparators will be
switched during sector change

Fig. 13a: the current error space phasor trajectory during over
modulation when the machine voltage in sector-1

Fig. 13b: the current error space phasor trajectory during over
modulation when the machine voltage in sector-2
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moving very fast it will soon cross to sector-2 (still the inverter
voltage vector is V2).  Fig. 13b also shows the directions of the
current error space phasor situation where the machine voltage
vector is moving from sector-1 to sector-2 during over modula-
tion. P’B and P’C are the directions movement of the current error
space phasor in sector-2 for vectors V2 and V3 respectively. As the
current error space phasor continues to move away from the hys-
teresis boundary (with vector V2), the machine voltage vector
crosses over to sector-2 and now this forces the current error to
reverse its course (since it has to move now in a direction parallel
to P’B since the inverter vector is still V2).

The current error space phasor thus reverses and moves back
towards the hysteresis boundary and hits the R– 2 region at D as
shown in Fig. 13b upon which the controller selects vector V3.
When vector V3 is switched, the current space phasor moves along
DE (which is in the same direction as P’C) and alternate switchings
between V3 and V2 will take the current error space phasor out
through the – jA axis (Fig. 13b) and then the sector is advanced
from sector-2 to sector-3. The current error space phasor moves
through similar paths as the machine voltage vector moves from
sector to sector during over modulation. For every sector there is
a unique axis along which the current error will move out of the
hexagonal boundary during over modulation, and the controller
detects this with the state of the outer comparators and effects the
sector change. Finally, the controller smoothly transits into the
six-step mode of operation, where only one vector will be selected
for every 60 degree. 

The directions through which the current error space phase phasor
will move out for the reverse direction during over modulation,
can also be determined in a similar manner. In the forward direc-
tion during over modulation, the sector change from sector-2 to
sector-3 is made when the current error space phasor moves out of
the outer hysteresis band through the – jA axis. This is because,
before the sector change from sector-2 to sector-1, the alternate
switching between vectors V2 and V3 will take the error through
the – jA axis (Fig. 13b). When the motor is rotating in the opposite
direction (i.e. machine voltage vector is rotating in the clock wise
direction), before the sector changes from sector-2 to sector-1,
during over modulation vectors V2 and V3 will be switching alter-
natively and this takes the error space phasor through the – jA axis
(as in Fig. 13b), and when the current error space phasor crosses
the hysteresis boundary the sector is changed from sector-2 to sec-
tor-1. It may be noted that, during over modulation, the sector
change from sector-2 to sector-3 (forward direction) as well as the
sector change from sector-2 to sector-1 (reverse direction) are
made when the current error moves out through the same axis 
(– jA).  The proposed controller therefore uses the direction infor-
mation from the drive controller to make the appropriate sector
change during over modulation. Table 4 gives the logic for sector
change including the over modulation region.

Selection of the zero vector

In any sector the zero voltage vector can be realised two inverter
states ‘+ + +’ or by ‘– – –’. In the proposed controller, the zero
vector is selected depending upon the previous vector. If the pre-
vious vector was either V1 (‘+ – –‘), V3 (‘– + –‘) or V5 (‘– – +’)
the zero vector is chosen as ‘– – –’ so that transition to the zero
vector is achieved, with switching of one inverter leg only [11]. If
the previous vector was either V2 (‘++ –‘), V4 (‘– ++’) or V6
(‘+ – +’) the zero vector is realised by ‘+ + +’. Similarly, the tran-
sition from the zero vector to the active vector is also modified so
that only inverter leg is switched [8]. If the previous zero vector is
‘+ + +’, the next active vector is chosen as ‘++ –’ or ‘– + +’ or ‘+
– +’, depending upon the sector. If the previous zero  vector is ‘–
– –’, the next active vector is chosen as ‘+ – –’ or ‘– + –’ or ‘– –
+’. This will avoid double switchings during transition from zero
vector to the active vector. The insertion of a transition state will
only result in a small instantaneous deviation in current error,
which is negligible [8]. In this way, the proposed controller output
optimum inverter vector states for the entire modulation range,
with simple look-up table logic.

Simulation results

Fig.14 shows the simulation results for the proposed hysteresis
controller. The hexagonal boundary the current error space phasor
is shown in Fig. 14.a. The current error space phasor is held with-
in the hexagonal boundary (∆ijA = 0.6 Amp; Fig. 11). The
instances seen in the figure where the current error briefly comes
out of the hexagonal boundary corresponds to the sector change 

Table 4: The sector selection logic including over 
modulation

Sector The direction in which current 
error crosses the outer comparators

jA jB jC – jA – jB – jC
1 6 2/6 2 * * *
2 * * * 3/1 3 1
3 4 2 4/2 * * *
4 * * * 3 5/3 5
5 6/4 6 4 * * *
6 * * * 1 5 1/6

Fig. 14a: The current error space phasor boundary 

Fig. 14b: The sectors and the inverter vectors selected by the
proposed controller 
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(∆i’jA = 1 Amp; Fig. 11). Fig. 14b shows the vectors selected in
different sectors and it is seen that only adjacent vectors are selected
in all the sectors. Fig. 14c shows the machine current space 
vector. Fig. 14d shows the error space phasor boundary and the
current space vector during the six-step operation. During six-step
operation, the current error becomes large and hence always
remains outside the outer hexagonal boundary. The transition to
six-step is seen in Fig.14e and the proposed controller gives a
smooth transition to six-step operation.

Experimental results

The proposed hysteresis controller is implemented for a 5hp
induction motor drive with v/f control. The complete controller
including the comparators is implemented on the TMSF2407 DSP
platform. The three phase reference currents are generated
depending on the frequency command and the controller is tested
with drive for the entire speed range. The overall control structure
and system interface with induction motor are as shown in Fig. 15.

Fig. 14c: The machine current space phasor  
Fig. 14d: The current error space boundary (Left) and the 
current space phasor (Right) during six-step operation

Fig. 14e: Transition to six-step mode operation, Top trace:Yaxis-200Volts/div, BottomTrace:Y-axis-2Amp/div

Fig. 15: Schematic of the closed loop control scheme
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Fig.16a: The machine phase voltage and current 
[Y axis: 1 div = 200 V       Y-axis -: 1 div = 2 Amp]

Fig. 16b: The current error space phasor boundary 
[X axis, Y axis: 1 div = 0.3 Amp]

Fig.16c: The machine current space phasor ( no –load ) 
[X-axis: Y-Axis: 1 div = 1 Amp]

Fig. 16d: The machine current space phasor when loaded 
[X-axis:Y-Axis: 1 div = 1 Amp]

Fig.16e: The machine phase voltage and current during over
modulation [x axis: 1 div = 200 V     y-axis: 1 div = 2 Amp]

Fig. 16f: The machine phase voltage and current during six
step mode [x axis: 1div = 200 V  y-axis: 1 div = 2 Amp]

Fig. 16g: The phase voltage and phase current during transition
to six step [Y axis: 1 div = 400 V ( top trace) 1 div = 4 Amp]
The bottom traces are the zoomed view of the window shown
in the top traces, which show the transition to six step

Fig. 16h: The error space phasor boundary during six step
operation DAC output [X-axis, Y-Axis: 1 div = 1 amp]
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Fig.16a shows the phase voltage current when the motor is run-
ning in the linear range and the phase voltage profile indicates that
adjacent vectors are always selected. The phase current is con-
trolled within the band and is smooth during the sector change.
Fig.16b shows the error space phasor boundary. The error is kept
within the boundary all times except during the sector changes
where it briefly crosses the error boundary. Fig.16c shows the
machine current space phasor, which shows the rotating space
phasor whose amplitude is kept within the hysteresis band.
Fig.16d shows the current space phasor, when the motor is load-
ed, and it shows a circular profile for the actual machine current
space phasor.

Fig.16e shows the machine voltage and current for high speed,
where the drive is running in the over modulation region. The pro-
file of machine voltage and current show the typical over modula-
tion characteristics. Fig. 16f shows the motor voltage current
during the six-step operation and in Fig. 16g the transition to the
six step operation is captured as the motor is accelerated to the full
speed. Fig.16h shows the current error space phasor boundary 
during the six step operation and in Fig. 16i, the current space 
phasor during six step operation is shown. The nature of the 
current error space boundary and the current space phasor during
six step show similar shapes as obtained in simulation results 
(Fig. 14.d). The normalised harmonic spectrum of the machine
phase voltage and phase current (Fig. 16a) are shown in Fig. 16j.
The spectrum shows the absence of the sub-harmonic components
and reduced low order harmonics. 

Conclusion

A self-adapting space phasor based current hysteresis controller is
proposed in this paper for three phase voltage source PWM inverters.
The current errors are controlled along three axes jA, jB, jC which
are perpendicular to the A, B, C phases respectively and the cur-
rent error space phasor is held within a hexagonal boundary. The
proposed controller achieves optimum PWM switching by ensur-
ing that always inverter voltage vectors adjacent to the machine
voltage vector are selected and also ensures that only one inverter
leg is switched during an inverter switching transition. It does not
use any computation of the machine voltage and the inverter 
voltage vectors are selected using a simple look-up table. The 
proposed controller uses a self adaptive region detection logic
which ensures selection of a   the unique inverter vector (among
the adjacent vectors) for all regions of the boundary. The proposed
method uses a simple self adapting logic for sector changes and

achieves smooth transition to the six step operation, with simple
look-up tables. The controller is implemented for a 5hp induction
motor drive and the experimental results are presented.
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