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Abstract-Three-level neutral-point-clamped (NPC) inverters are 
very appropriate for high-power adjustable-speed drive 
applications. Direct torque control is characterized by the merits 
of fast response, simple structure and strong robustness to 
motor parameters variations. This paper presents a 3-level 
inverter-fed direct torque controlled (DTC) induction motor 
(IM) drive based on optimized switching table. The problems of 
high voltage jump, smooth vector switching and neutral point 
balance are investigated and solved by introducing appropriate 
intermediate vectors. Furthermore, a speed-adaptive flux 
observer is employed to enhance the performance of the system 
by estimating the state variables including the stator flux and 
state current. Large starting current, which can occur in 
conventional DTC drives, is controlled effectively by introducing 
pre-excitation of the stator flux. Both simulation and 
experimental results are presented to verify the effectiveness of 
the proposed schemes introduced in this paper.  

I. INTRODUCTION 

Three-level inverters have become widespread in high-
power industrial applications since they were first proposed 
by Nabae in 1981 [1]. Compared to 2-level inverters, they 
have better performance in terms of lower voltage stress 
across the semiconductors, less harmonic content and lower 
switching frequency [2]. Direct torque control (DTC) is a 
kind of high performance control strategy characterized by 
fast torque response, simple structure (without complicated 
rotary transformation) and strong robustness against motor 
parameter variation. Three-level inverter-fed DTC motor 
drives are very attractive in high power applications because 
they combine the merits of both 3-level inverters and DTC.  

Most papers [3-4] related to DTC concentrate on 2-level 
inverters; there are few papers related to 3-level DTC [5]. To 
make 3-level DTC practicable, an appropriate vector should 
be selected to maintain the neutral point voltage balance and 
avoid high voltage jump. The principles of a commercial 3-
level DTC adjustable speed drive (ASD), as manufactured by 
ABB, was introduced in [6]; however, there were undesirable 
high voltage jumps in the line voltage. To reduce the 
oscillation in the flux and torque, a LC filter was employed 
which increases the complexity of flux observation. Ref [5] 
improves the low speed performance of the 3-level DTC by 
applying the correct intermediate voltage; however, the 
problems of voltage jump and neutral point balance were not 
addressed.  

This paper focuses on the problems of voltage jump and 
neutral point balance by incorporating an optimized switching 
table. To improve the low speed performance, a speed-
adaptive flux observer is employed to estimate the stator flux, 
electromagnetic torque and rotor speed over a wide speed 
range. There is usually large starting current in conventional 
DTC [7] schemes and this paper solves this problem by 
introducing the pre-excitation of stator flux. The proposed 
schemes are simulated and experimentally verified.  

II. DTC FOR 3-LEVEL INVERTER 

A. Basic Principle of DTC 
The mathematical model of an induction motor described 

by space vectors in a stationary frame by the following set of 
equations: 

s s s sR p= +u i ψ  (1) 

0 r r r r rR p jω= + −i ψ ψ  (2) 

s s r m rL L= +ψ i i  (3) 

r m s r rL L= +ψ i i  (4) 

where us, is, ir, ψs and ψr are the stator voltage vector, stator 
current vector, rotor current vector, stator flux linkage vector 
and rotor flux linkage vector, respectively; Rs, Rr, Ls, Lr, Lm 
and Np are the stator resistance, rotor resistance, stator 
inductance, rotor inductance, mutual inductance and motor 
pole-pair number; ωr is the rotor speed.  

From the stator voltage equation (1), it can be seen that, by 
omitting the stator resistance voltage drop, the stator flux can 
be controlled directly from the stator voltage. This is a crude 
analysis and may cause error at low speed.  
The electromagnetic torque can be expressed as 
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where δsr is the spatial angle between stator flux and rotor 
flux and Te is the electromagnetic torque. In the DTC, the 
amplitude of the stator flux is kept constant and a fast torque 
response is obtained by changing angle δsr quickly. From (1)-
(4), the relationship between the stator flux and the rotor flux 
can be obtained from 
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where 2
m s r1 /( )L L Lσ = − and r r r/T L R= . Eqn. (6) indicates 

that the dynamic response of the rotor flux is a first-order lag 
with respect to the stator flux, so the torque can be changed 
quickly by changing the angle of stator flux.  

B. Vector Selection and Switching 
For a 2-level DTC, the sector division and vector selection 

methods are relatively mature. However, for a 3-level DTC, 
because of the increased number of vectors, vector selection 
is more complicated, and in this paper we will solve the 
problem step by step. 

Firstly, the vector is selected according to the demand of 
flux and torque; vector switching and neutral point balance 
will be considered later. Fig. 1 shows the space vector 
diagram for a 3-level DTC control strategy and its sector 
division. There are 12 sectors and the shadowed area is the 
first vector, which is different from that of the conventional 
2-level DTC. The basic principles of the vector selection are 
shown in Table I and these meet the demands of the flux and 
torque; k represents the stator flux located in kth sector. In 
addition, “↑” means increase while “↓” means decrease, and 
“=” means no change is needed. It should be noted that more 
than two vectors may exist to meet the demands of the flux, 
and a vector which meets the torque response better is 
preferred.  

    
Fig. 1. Space vector diagram for the 3-level DTC. 

However, in most cases, the selected vector usually cannot 
meet the requirements of the vector switching and neutral 
point balance, which means the selected vector cannot be 
applied to the 3-level inverter directly. For example, suppose 
the stator flux is located in the first sector, and the current 
vector is V1 (200). To increase the stator flux and torque, 
according to Table I, V3 (220) would be the appropriate 
vector. But there is a high voltage jump in phase B from 0 to 
2, which should be avoided. In this case, V2 (210) will be 
inserted as an intermediate vector to smooth the high voltage 
jump. There are three aspects to voltage jumps: 1) phase 
voltage jump, 2) line voltage jump, 3) 3-phase jump at the 
same time. High voltage jump increases harmonic content 

and the stress across power semiconductors, which negates 
the advantages of the 3-level inverter. To overcome this 
problem, an appropriate intermediate vector should be 
inserted to meet the requirement of the voltage jump.  

TABLE I 
OPTIMIZED TABLE FOR 3-LEVEL DTC 

Flux Torque Selected vector number 

↑ 

   ↑    k + 2 

   ↓    26 

   =   k - 2 

↓ 

   ↑    k + 4 

   ↓    26 

   =    k - 4 

= 

   ↑    k + 3 
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   =    k - 3 

 
Another issue is the problem of neutral point balance, 

which is very important for a 3-level inverter, because neutral 
point unbalance will cause higher voltage in the power 
semiconductors. This increases the demand of capacity so 
that the cost increases. Many papers have investigated this 
problem. Neutral point balance is mainly controlled by 
selecting appropriate small vectors; this is because of the 
opposite effects of redundant vectors. In this paper, we also 
adopt the redundant states of small vector to keep neutral 
point balance.  

The final vector selection rules are obtained by considering 
the aspects introduced above, and the principles are 
summarized as follows: 

Step I: select vector according to the demands for flux and 
torque, which are listed in Table I; 

Step II: if the selected vector cannot meet the requirement 
of voltage jump and neutral point balance, an appropriate 
intermediate vector will inserted, and principles for selecting 
the intermediate vector are: 

1) Large vectors or middle vectors should be selected 
preferably to increase the utilization ratio of DC bus; 

 2) Middle vectors can switch to adjacent small vectors and 
large vectors freely; 

3) Large vectors can switch to the small vectors in the 
same spatial orientation; 

4)  Small vectors can switch to zero vectors freely; 
5) When small vectors are available, select the one which 

can meet the requirement of neutral point balance. 
Using to the steps above, an appropriate vector can be 

selected to meet the demand of flux and torque, as well as the 
requirement of voltage jump and neutral point balance, which 
ensures the safe operation of the 3-level inverter. 

C. Decreasing Starting Current 
To decrease starting current and maintain sufficient starting 

torque, the scheme of pre-excitation of stator flux is proposed 



in this paper. The stator flux will firstly be established by 
applying an appropriate vector, and during the pre-excitation 
process, the starting current is sampled and when it reaches 
the limit, zero vectors will be selected to decrease the current, 
which acts in a bang-bang fashion. When stator flux enters 
the range of demand, the process of pre-excitation is 
terminated and motor can start with sufficient torque, because 
there is enough flux to produce torque. 

III. SPEED ADAPTIVE FLUX OBSERVER 

This paper adopts a novel speed adaptive flux observer 
with load torque observation and novel gains [8]. The 
mathematical model of observer is express as 
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where 
ŝi  and sψ̂  are estimated stator current, estimated stator 

flux, respectively. 1 1r 1i( )G g jg= − +  and 2 2r 2i( )G g jg= − +   
are the observer gains. Kω and KT are positive constant gains. 
This paper employs a novel observer gain [1] to improve the 
stability of observer and it is expressed as 

1r 2g b=  (11) 

1i 0g =  (12) 

2r r/( )g b Lλ=  (13) 

2i 0g =  (14) 

where b is a negative constant gain. 
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Fig. 2. Sensorless 3-level DTC drive. 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

To validate the effectiveness of the proposed techniques 
introduced in this paper, a system is simulated then validated 
experimentally, and the results are presented here. Fig. 2 
illustrates the arrangement of the sensorless 3-level DTC 
drive implemented. The parameters for the simulation and 
experiments are listed in Table II.  

TABLE II 
SIMULATION AND EXPERIMENT PARAMETERS 

DC-bus voltage [V] Vdc 560 
Rated motor power [kW] PN 2.2 
Rated motor voltage [V] UN 380 
Rated (Based) motor frequency [Hz] fN 50 
Number of motor pairs Np 2 
Motor stator resistance [Ω] Rs 2.845 
Motor rotor resistance [Ω] Rr 2.413 
Motor mutual inductance [H] Lm 0.2687 
Motor stator inductance [H] Ls 0.2815 
Motor rotor inductance [H] Lr 0.2815 

A. Simulation Results 
Figs. 3 to 6 show the response of the 3-level sensorless 

induction motor drive, starting from 0 rpm and going up to 
1500 rpm when unloaded. The stator flux is first established 
before t = 0.05 s by using the pre-excitation technique, which 
can be seen from the upper half in Fig. 3. Then the motor 
accelerates up to 1500 rpm with the permitted maximum 
torque. At about t = 0.18 s, the motor reaches the steady-state 
speed at 1500 rpm. A step load of 0.5 p.u. at t = 0.5 s is 
applied to test the robustness of DTC to an external 
disturbance. It can be seen in Fig. 4 that there is only a slight 
fall in speed and it returns to normal state quickly. This 
validates the excellent dynamic performance of the DTC. Fig. 
5 gives the line voltage and voltage fluctuations at the neutral 
point while Fig. 6 shows the zoomed line voltage at 1500rpm. 
The neutral point voltage is controlled well and the oscillation 
is kept to within the range of ± 5 V. There is no high voltage 
jump in either the line voltage or phase voltage, which 
validates the effectiveness of the proposed optimal vector 
table and the principle of the vector selection procedure.  
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Fig. 3. Response of stator flux and torque. 
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Fig. 4. Response of rotor speed and stator current. 
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Fig. 5. Response of line voltage and fluctuation in neutral point voltage. 
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Fig. 6. Zoomed line voltage at 1500rpm 

B. Hardware Implementation 
An experimental prototype has been developed to 

implement the 3-level DTC drive. This has three parts: a 3-
level inverter, an induction motor and a TMS320F2812 DSP-
based control board. The neutral point of the 3-level inverter 

is floating and controlled as discussed in Section II. The 
TMS320F2812 is a fixed-point 32-bit DSP which is 
characterized by strong computation ability; it is very suitable 
for the digital control of a motor drive. The IQmath library 
and C language were utilized in order to obtain high precision 
and fast computation. There are many of peripheral resources 
in the DSP, including high speed AD conversion, two event 
managers (EVs) and sophisticated communication interfaces, 
etc. These facilitated the development of the motor control. A 
CPLD EPM7256AE was also incorporated into the control 
board to implement dead time, pulse management and to 
generate the final 12 triggering pulses. The DSP controller 
has a sufficient capacity in order to carry out the intensive 
computations, and it only needs 3.2 μs to fulfill the 
computation of the speed-adaptive observer. Fig. 7 illustrates 
the developed sensorless drive. The main circuits for the 3-
level inverter, DSP control board and 2.2kW motor-generator 
are presented in Figs. 7(a), (b) and (c), respectively. Fig. 7(d) 
shows the 6RA70 controller, which is used to apply external 
load and implement 4-quardrant operation. 

  
(a) 3-level inverter                               (b) DSP control board 

  
(c) 2.2kW motor-generator                      (d) 6RA70 controller 

Fig. 7. Experimental setup of 3-level DTC drive. 

C. Experimental Results 
The experimental results were obtained from a 3-level 

inverter-fed sensorless DTC motor drive under various 
conditions, such as starting response, response to external 
disturbance, steady state response and low speed operation 
with or without load, etc. All internal variables such as stator 
flux, torque, estimated and real speed were viewed and 
recorded through a four-channel DA converter in DSP control 
board. It should be noted that the real speed was obtained 
from an encoder mounted on the motor – this was used only 
for comparison. 

Figs. 8 and 9 show the starting response from 0 rpm up to 
1500 rpm with and without pre-excitation. It is seen that if 
motor starts directly, there is large starting current and the 
peak values reach 15 A. By first establishing stator flux, the 
motor can start with sufficient torque and the peak value of 
current is only 9 A, which validates the effectiveness of the 
pre-excitation technique.  
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êT

r
rˆ /

60
0r

pm
/d

iv
ω

ω
ab

20
0V

/d
iv

U
s eˆ
(0

.4
W

b/
di

v)
ˆ (

5.
6N

m
/d

iv
)

Tψ
a

3A
/d

i
i

v

 
Fig. 8. Starting response without pre-excitation. 
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Fig. 9. Starting response with pre-excitation. 
 

The robustness to external disturbance was tested and the 
results are illustrated in Fig. 10. Full-load was applied to the 
sensorless drive and then removed. It can be seen that there 
was only a slight drop in the speed response before recovery, 
which confirms the robustness of DTC to external disturbance. 

From Fig. 11 it can be seen that there is no high voltage 
jump in the line voltage, which proves that the proposed 
optimal switching table and the principles of the vector 
selection are correct.  

 

500ms/div

rω

rω̂

sψ̂

êT
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Fig. 10. Response to step load change. 
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Fig. 11. Zoomed line voltage at 1500 rpm. 
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Fig. 12. Steady state response at 60 rpm without load. 

 
Finally, low speed operation without and with load were 

tested. Fig. 12 shows the steady operation at 60 rpm. It is seen 
that the estimated speed exactly matches the real speed. The 
sensorless drive can work down to 30 rpm with full load, as 
illustrated in Fig. 13, which exhibits excellent performance in 
the low speed range.  
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Fig. 13. Steady state response at 30 rpm with full load. 



V. CONCLUSION 

A sensorless 3-level inverter-fed induction motor drive is 
presented in this paper, which incorporates an optimal vector 
table and a speed-adaptive flux observer. Some aspects, 
including voltage jump, neutral point balance and large 
starting current, are investigated to assess the practicality of 
the 3-level DTC. The principles of the vector selection 
procedures are established and the pre-excitation technique is 
proposed to decrease the starting current. Both the presented 
simulation and experimental results confirm the effectiveness 
of the proposed schemes.  
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