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Fig. 3.  Second stage of the proposed system; the Inverter-motor 

subsystem. 

 

2.6 Second stage of the proposed system 

The second stage is composed of dc link, a three level 

voltage source inverter controlled by direct torque control  

technique, and induction motor. A novel strategy based on 

minimizing motor torque ripples is applied to the system. 

Fig. 3 shows a block diagram of the second stage of the 

proposed system. 

 

3. Induction Motor Model 

 

The accurate adaptive motor model is also an essential 

part of the DTC. Motor model estimates the actual torque, 

stator flux and shaft speed by means of measurements of 

two motor phase currents and intermediate circuit dc 

voltage
[5]
.  

 

3.1 Motor Current Equations 

The motor dynamic model in d-q stationary reference 

frame as [17] is: 
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Where: D = 
2
mrs LLL − , d, and q subscripts to the 

direct and quadrature  variables. , , , ,s r s r mR R L L L  

are the motor parameters.  

 

3.2 Motor Mechanical Equations 

The motor electromagnetic torque is expressed as [17]: 
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Neglecting friction, the inertia torque will be: 
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The simulated motor ratings are: 1800 W , 4 poles, 

220V, 50Hz, and 1432 rpm, 6 N.m. The parameters of the 

motor are:  

 

RS= 6.294 Ω, Rr= 3.592 Ω, LS= 0.4808 mH, Lr= 0.4808 mH, 

Lm= 0.464 mH, and J = 0.03338 kg.m2 

 
4. DTC Background 

 

DTC is an optimized motor control method for ac drives 

where inverter switching directly controls the motor 

variables: flux and torque. DTC emerged to become a 

possible alternative to the well-known vector control of 

induction motors
[2–5]

. The motor electromechanical torque 

is given by: 

 

 
 

Fig. 4.  Block diagram of direct torque control system. 
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DTC is characterized by its simple implementation and 

a fast dynamic response. Furthermore, the inverter is 

directly controlled by the algorithm, i.e. the modulation 

technique for the inverter is not needed
[18]

. In DTC, the 

torque and flux are directly controlled by the 

electromagnetic state of the motor. Compared with field 

oriented control (FOC), DTC is known to provide fast and 

robust response for induction motors. However, while 

offering high dynamic performance, classical DTC 

produces notable torque, flux, and current ripples, and it 

operates with a variable inverter switching frequency
[6]
. 

The configuration of the DTC is shown in Fig. 4 
[19]

. 
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=
22
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( )s s s sv R i dtψ = −∫        (10) 

 

Where  
qsdss jψψψ +=  

So that by controlling the voltage vector sv
uur

, the flux 

s
ψ and The motor electromechanical torque eT can be 

controlled. 

 

5. Three level Voltage Source Inverter 

 

The three-level VSI is described in many publications 
[7, 

20-24]
. The three-level Neutral Point Clamped (NPC) 

voltage source inverter shown in Fig. 5 is the most 

commonly applied multilevel inverter topology
[20]

. It has 

several advantages over two-level VSI since it has greater 

levels of output voltage, lower dv/dt, less harmonic 

distortion and lower switching frequencies
[20]

. 

The blocking voltage of each switching device is clamped 

to a fraction of the input voltage level. The dc-link voltage 

can be raised two times higher than that of the two-level 

inverter (with the same voltage ratings of switching 

devices), so that it is considered suitable for high voltage 

and high power applications. 

Fig. 5 shows a NPC-VSI, where (SA1, SA4), (SB1, SB4), 

(SC1,SC4) are the main switching devices, and (SA2,SA3), 

(SB2,SB3), (SC2,SC3) are auxiliary switching devices. Diodes 

(DA1-DC2) clamp the output terminal voltage to the 

 
 

Fig. 5.  Three-level NPC voltage source inverter. 

 

neutral point voltage.  Each pair of the auxiliary switching 

devices (SA3, SA2) is driven complementary to the 

corresponding pair of the main switching devices (SA1, SA4). 

The output pole voltage at a time has one of three 

possible voltage levels (0,Vdc/2, and Vdc) with respect to 

the negative side of the DC supply. Also the output line 

voltage has one of five possible voltage levels (0, Vdc/2, 

Vdc, -Vdc/2, and -Vdc).  Switching states of each phase 

of the 3-level VSI are listed in Table .   

 

5.1 Available Switching States 

The switches S1, S2, S3, and S4 in each arm have only 

three combination states as follows
[21]

:  

 

Table 1.  Phase switching states of three level inverter. 
 

 Arm Switch 

 S1 S2 S3 S4 

Vector 

Sx 

Output 

Voltage 

level 

State1 1 1 0 0 1 Vdc 

State2 0 1 1 0 0.5 Vdc/2 

State3 0 0 1 1 0 0 

 

So that, each vector in the output contains information 

on the switches of the three arms, (SA, SB, and SC) it 

belongs to {0,0.5,1} 

In three-level inverter, there are 27 vectors
[20]

 as shown 

in Figure 6 as follows: 

• 3 zero vectors (VZ) of configurations (0,0,0), (1,1,1), 

and (0.5,0.5,0.5) 

• 6 full (large) vectors (Vf) of configurations (1,0,0), 

(1,1,0), (0,1,0), (0,1,1), (0,0,1), and (1,0,1). 
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Fig. 6.  Space vector diagram of three level VSI. 

 

• 6 medium vectors (Vm) of configurations (1,0.5,0), 

(0.5,1,0), (0,1,0.5), (0,0.5,1), (0.5,0,1), and (1,0,0.5). 

• 6 small vectors (VS) of double configurations 

(1,0.5,0.5), (0.5,0,0) & (1,1,0.5) , (0.5,0.5,0) & 

(0.5,1,0.5), (0,0.5,0) &. (0.5,1,1), (0,0.5,0.5) & 

(0.5,0.5,1) , (0,0,0.5) and (1,0.5,1), (0.5,0,0.5). 

Each arm can be configured by tri-state switch as:  

• (1: if it is connected to the +ve of the dc-link). 

• (0.5: if it is connected to the middle point of  the 

dc-link).  

• (0: if it is connected to the -ve of the dc-link). 

 

5.2 2&3 Level VSI Voltage Vectors 

For hardware minimization the output voltage of the 

VSI can be computed from dc-link voltage (Vdc) and 

inverter switching states ( )cba SSS ,,  as follows: 

The voltage source inverter phase voltages are: 

( )cba
dc

as SSS
V

v −−= 2
3

 

( )acb
dc

bs SSS
V

v −−= 2
3  

( )bac
dc

cs SSS
V

v −−= 2
3  

In the d-q plane the direct and quadrature voltages are:  

( )cba
dc

ads SSS
V

vv −−== 2
3  

( )cb
dcbsas

qs SS
Vvv

v −=
+

=
33

2

 

The space voltage vector ( )Sv
uur

of VSI can be given by: 

 

( )2 3 ( )
3

V
dcv v j v S S S j S S

s ds qs a b c b c
 = + = − − + −  

uur

                                   (11) 
 

Where: 
cba SandSS ,, are the inverter switching states.  

}1,0{,, ∈cba SandSS  for 2-level inverter and, 

 {0,0.5,1}∈  for 3-level inverter. 

 

5.3 The Proposed System with Novel Switching 

Strategy 

The voltage vector plane is divided into 6 sectors, each 

60
o
, the first from -30 to +30 degree. Each of these sectors 

is divided into two sub-sector, each 30
o
. The proposed 

system divides the available vectors into three groups: full 

vector group, outer vector group, and star vector group. The 

full group is composed of the six ordinary full vectors only, 

as in 2-level inverter. The outer vector group is composed 

of the full vectors plus the medium vectors, and the star 

vector group is composed of the small vectors plus the 

medium vectors. These groups are arranged according to 

their voltage strength on the torque and flux variations from 

the higher to the lower. These groups are shown in Figure 7. 

The torque error (τ), the flux error (ϕ) and voltage vector 

sector (θ) are the core of DTC operation. In the proposed 

strategy, the inverter output torque error is divided into 

three regions: large, medium and small torque ripple 

regions.   

According to the region of operation, a certain vector 

group is selected as shown in Table 2. If the torque error is 

large (positive or negative), the full vector group is 

applied to minimize the torque error quickly. In the 

medium region, the outer vector group is applied to give 

some flexibility to adjust the required output torque. If the 

torque error is small, the star vector group is appropriate to 

adjust the torque level with a minimum voltage vector 

stress. The expected output ripple of VSI will be 

minimized and the switching frequency will also be 

decreased.  
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Fig. 7.  Full, outer and star vector groups. 

 

Table 2.  The proposed switching strategy. 
 

 Torque Ripple Region Vector group 

1 +ve large Full 

2 +ve medium Outer 

3 +ve small Star 

4 -ve small Star 

5 -ve medium Outer 

6 -ve large Full 

 

The small torque error region is defined between 2.5% 

and 5% of the full load torque, the medium is between 5% 

and 10%, and the large is greater than 10%. These values 

are suggested values and they can be changed according to 

the required accuracy of the produced torque. Decreasing 

these values produces increased switching frequency and 

switching losses. The flux bang-bang error rang is selected 

between -10% and +10%. It can also be modified as the 

torque error. It affects the switching frequency of the VSI 

inverter. 

 

5.4 The Proposed Switching Strategy 

The purpose of the proposed switching strategy is to 

select the appropriate voltage vector from 27 available 

vectors in the three-level inverter. The selection is based 

on the sector number (θ), torque error (τ) and flux error 

(ϕ). θ takes values from 1 through 6, whereas τ and ϕ take 

either 0 or 1. The selection between groups depends on the 

torque error value (∆T).  Tables 3,4,and 5 show the novel 

switching strategy for full, outer and star vector groups, 

respectively. The sector (60
0
) is divided into two 

subsectors (each 30
0
). It is indicated in the table as 1

st
 and 

2
nd
 subsectors. 

 

Table 3.  Switching strategy for full vector group. 
 

Selected vector (full group) 
ϕ τ 

1
st
 subsector 2

nd
 subsector 

0 0 VZ VZ 

0 1 V(k+2)f V(k+2)f 

1 0 VZ VZ 

1 1 V(k+1)f V(k+1)f 

 

Table 4.  Switching strategy for outer vector group. 
 

Selected vector (outer group) 
ϕ τ 

1
st
 subsector 2

nd
 subsector 

0 0 V(k+3)m V(k-2)f 

0 1 V(k+2)f V(k+2)m 

1 0 V(k-1)f V(k-1)m 

1 1 V(k)m V(k+1)f 
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Table 5.  Switching strategy for star vector group. 
 

Selected vector (star group) 
ϕ τ 

1
st
 subsector 2

nd
 subsector 

0 0 V(k+3)m V(k-2)s 

0 1 V(k+2)s V(k+2)m 

1 0 V(k-1)s V(k-1)m 

1 1 V(k)m V(k+1)s 

 

6. The Speed Controller 
 

The speed controller input is the speed error and the 

rate of error change. The controller output is the torque 

reference for the DTC. This controller is called classical 

speed controller (CSC) as described in [25]. The controller 

equation is: 

 

[ ]( 1) 1* ( ) 2* ( )c k k e k k e k+ = + ∆∫       (12) 

 

Where c  is the controller output that represents the 

torque reference 
*T  , and k1 and k2 are the scaling 

factors. e is the speed error, and e∆ is  the change in the 

speed error. Equation 12 is the basic form of the CSC. The 

controller is used to control the speed of the induction 

motor in two- and three-level inverters. 

 

7. Simulation Results 

 

The proposed DTC switching strategy is applied to the 

three-level inverter that drives an induction motor. The 

output of the system is compared with that of conventional 

switching strategy for three-level inverter and also with 

the conventional two-level inverter output. Fig. 8 shows a 

comparison of the motor output torque for three cases. The 

higher of the torque ripple in the conventional two-level 

inverter is the superior.  

The torque ripple contents for the conventional DTC for 

three-level is also better than that of two-level inverter as 

expected. The torque ripple in the conventional two-Level 

DTC is about 11.6% , for the conventional DTC strategy 

applied to the three-level inverter is 8.3% whereas the 

torque ripple in the proposed system output is only 4.1%, 

as shown in the figure. Thus, the torque ripple in the 
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Fig. 8.  Torque ripple and torque response comparison in  

       Conventional 2-LI,  (b) Conventional 3-LI and  

(c) The proposed system. 

 

proposed system is slightly greater than 50% from that of 

conventional DTC scheme applied to three-level inverter, 

and about 64% less than that of conventional two-level 
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inverter DTC scheme. The figure also shows the load 

torque (center line) and the motor electromagnetic torque. 

The controller follows the load torque demand with 

minimum overshot in the torque or the speed. 

Fig. 9 shows the controller performance with the step 

change in load torque (0-6-0) N.m. The controller 

performance is extremely fast and the dip in the speed is 

very small. Also, the torque overshot and undershot is 

small and it is valid for a short period. The torque average 

steady state error is zero s the load torque centered the 

electromagnetic motor torque as shown in the figure.  

Figure 10 shows a comparison of the motor phase 

current in the three systems. The ripples in the current is 

larger in 2-L system, but these ripples decrease in the 

conventional DTC for 3-L VSI , and they are at their 

minimum in the proposed system as shown from the 

figure. 

Fig. 11 shows the available voltage vectors for 

conventional 2-L and 3-L VSI with the proposed strategy. 

Fig. 11 (a) shows the voltage vectors for 2-L VSI. The full 

vectors plus zero vectors are found only in the figure, 

whereas in Fig. 11 (b), all the 27 vectors appears in the 

diagram - small, medium, full and zero vectors. 

A comparison is also carried out between the d-q stator 

flux of the motor for the proposed system, and for the 

conventional DTC in 2-L VSI shown in Fig. 12. It is 

shown in the figure that the flux in the proposed system 

tracks the reference (nearer to sinusoidal) due to 

application of the star group that contains the small 

vectors with their small amplitude on the flux and then on 

the torque. 

 

 
Fig. 9.  The speed response (up) , the load torque  and 

electromagnetic torque (bottom). 

2.40 2.42 2.44 2.46 2.48

Time (sec)

-4

-3

-2

-1

0

1

2

3

4

S
ta
to
r 
P
h
a
se
 C
u
rr
en
t 
(A

)

 
 

(a) 

 

2.40 2.42 2.44 2.46 2.48

Time (sec)

-4

-3

-2

-1

0

1

2

3

4

S
ta
to
r 
P
h
a
se
 C
u
rr
en
t 
(A

)

 
 

(b) 

 

2.36 2.38 2.40 2.42 2.44 2.46

Time (sec)

-4

-3

-2

-1

0

1

2

3

4

S
ta
to
r 
P
h
as
e 
C
u
rr
e
n
t 
(A

)

 
 

(c) 
 

Fig. 10.  The phase current for (a) Conventional 2-LI, (b) 

Conventional 3-LI and (c) Proposed system. 
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Fig. 11.  Voltage Vectors For (a) 2-Level VSI  (b) 3-Level VSI 

with proposed Strategy. 
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Fig. 12.  d-q Stator Flux for (a) 2_L Inverter (b) 3-L Inverter 

with proposed strategy. 

 

8. Conclusions 

 

A novel torque ripple minimization technique is 

introduced in this paper. The proposed technique is 

applied to a photovoltaic three level VSI feeds in 

induction motor as a stand-alone photovoltaic system. The 

PV array and the battery bank are sized based on sun-hour 

methodology. The models of the motor, three and two 

level VSI, are indicated. The various voltage vectors of the 

three-level VSI are defined and classified into three 

groups. Each group has its switching strategy that is 

defined and simulated. Also, an accurate classical speed 

controller is used to adjust the torque reference for the 

DTC system. The simulation results show that the 

proposed system is the superior in torque ripple 

minimization for motor drive application in PV 

stand-alone system. Also, they show that the motor torque 

ripple in the proposed system is slightly greater than 50% 

from that of conventional DTC scheme applied to 

three-level VSI, and slightly greater than 64% of 

conventional DTC scheme applied to two-level VSI. 
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