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ABSTRACT 
 

The performance of direct torque controlled (DTC) interior permanent magnet (IPM) machines is poor at low speeds 

due to a few reasons, namely limited accuracy of stator voltage acquisition and the presence of offset and drift components 

in the acquired signals. Due to factors such as forward voltage drop across switching devices in the three phase inverter 

and dead-time of the devices, the voltage across the machine terminals differ from the reference voltage vector used to 

estimate stator flux and electromagnetic torque. This can lead to instability of the IPM drive during low speed operation. 

Compensation schemes for forward voltage drops and dead-time are proposed and implemented in real-time control, 

resulting in improved performance of the space vector modulated DTC IPM drive, especially at low speeds. No additional 

hardware is required for these compensators.  
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1. Introduction 

 

Direct torque control (DTC) of Interior Permanent 

Magnet Synchronous Machines (IPMSM) was proposed 

and developed in the late 1990’s
[1-4]

. DTC have also been 

implemented on reluctance synchronous and induction 

machines
[5,6]

. Some of the advantages of DTC over the 

conventional Field Oriented Control (FOC) include fast 

torque and stator flux dynamics, less machine parameter 

dependence, the elimination of the dq-axis current 

controllers, associated coordinate transformation, the rotor 

position sensor requirement and separate voltage pulse 

width modulator. 

However, a major drawback of DTC is its poor 

performance at low speed which researchers have not 

been able to solve. The poor performance at low speed is 

due to a few reasons, namely limited accuracy of stator 

voltage acquisition and the presence of offset and drift 

components in the acquired signals. 

In this paper, the effect of forward voltage drop and 

dead-time of power devices on a space vector modulation 

(SVM) integrated direct torque controlled IPMSM drive 

system is investigated. It is found that the voltage drop 

across power switches and power diodes is not negligible 

for flux and torque estimation at low speeds. The effect of 

forward voltage drop and dead-time becomes more 

significant for flux estimation when the machine operates 
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at low speeds as it becomes comparable to the low applied 

voltage on the machine terminals. Holtz and Quan have 

examined and compensated for the effect of forward 

voltage drop on a vector controlled induction motor drive 
[7]

. In this paper, a compensation method using additional 

voltage vectors is used and experiments were carried out 

to test the compensation scheme. Experimental results 

show that a better low-speed flux control has been 

achieved with the integration of the compensation 

schemes. 

This paper is organized as follows. A brief background 

of a direct torque controlled IPM synchronous motor drive 

is given in Section 2. The effects of forward voltage drop 

and dead-time of switching devices in the inverter are 

discussed in Section 3. Experimental results to show the 

effects on flux and torque estimation error are presented in 

Section 4. The proposed compensation algorithm for 

improved flux and torque estimation is described in 

Section 5 and its effectiveness on the performance of the 

DTC IPM drive is investigated with experimental results 

in Section 6. Some conclusions are given in Section 7. 

 

2. Direct Torque Control of an IPMSM 

 

The basic principle of DTC is to select stator voltage 

vectors directly according to the differences between the 

reference and actual torque and stator flux linkage. The 

current controller followed by a pulse width modulation 

(PWM) comparator used in vector control is not required 

in DTC systems, and the parameters of the motor are also 

not used, except for the stator resistance. Therefore, DTC 

has the advantages of lesser parameter dependence and 

fast torque response when compared with the torque 

control via PWM current control 
[8]

. 

Fig. 1 shows the system diagram of a DTC IPM drive 

integrated with space vector modulation (SVM), which 

will be referred to as PI-DTC drive in this paper. It 

includes flux and torque estimators, a Proportional + 

Integral (PI) torque controller, reference flux vector 

calculator and a space vector modulation block. A DC bus 

voltage sensor and two output current sensors are needed 

for the flux and torque estimation. Speed sensor is not 

necessary for the torque and flux control. 

The PI torque controller outputs the reference angular 

frequency of the stator flux linkage from the difference 

between the actual and reference torque commands at its 

input. The reference flux vector is then calculated using 

the reference angular frequency, position of the estimated 

stator flux linkage and amplitude of the reference flux 

linkage, as shown in Fig. 2 
[8]

. The voltage space vectors 

and their duration are then selected and calculated 

according to the error flux linkage vector to reduce the 

error to zero. 

In order to estimate the stator flux, λ, and torque, T, an 

integrator is used in (1), of which the scalar form is (2). 

The voltage vector, v, can be obtained by multiplying the 

DC bus voltage with the selected voltage space vector and 

the current vector can be obtained by measuring any 2 of 

the 3 phase currents. The torque is estimated by (3). 
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Fig. 1.  System diagram of the PI DTC drive. 
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Fig. 2.  Signal flowchart of the RFVC block. 
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where R is stator resistance, I the stator current, p the 

number of pole pairs, and the subscripts α, β, and 0 

represent the α-β stationary reference frame components 

and initial state respectively.  

It is seen from (1), (2) and (3) that the key for a good 

performing DTC is flux estimation. If the estimated flux 

drifts from the actual value of the flux linkage, the 

estimated torque will be wrong. In order to estimate the 

flux linkage accurately, accurate values for voltage vector, 

stator resistance, and initial rotor flux linkage and current 

vector must be known.  

In the space vector modulated (SVM) DTC drive, the 

reference stator voltage vector Vref is used for the 

estimation of stator flux, instead of the actual stator 

voltage vector seen at the machine terminal, to eliminate 

errors and offsets caused by sensing hardware and electric 

isolation. Sensing voltage vectors from the machine 

terminals has the problem of high harmonics which would 

require large filters and hence would introduce 

unacceptable delay. The Vref signal is readily available in 

the Proportional + Integral (PI) direct torque controller 

and is free from harmonic components. However, it does 

not exactly represent the voltage vector at the machine 

terminals due to the distortions introduced by the 

dead-time and forward voltage drops inside the inverter 
[7]

. 

The compensation must be made to the reference voltage 

vector which is used by the observers or estimators as an 

input for stator flux estimation. 

At low speeds, the back EMFs are too small to be used 

to obtain accurate stator flux estimation. The stator flux 

estimation using pure integrator or a programmable low 

pass filter is still needed for start-up and very low speed 

operation close to zero. DC offset compensation is an 

important factor in a practical implementation of the 

integration since drift can cause large errors of the 

amplitude and position of the stator flux linkage space 

vector, which may make the drive system unstable in the 

very low speed region. 

 

3. Non-linear Inverter Model 

 

A three-phase two level IGBT inverter similar to that 

shown in Fig. 3 would normally be used for a three phase 

IPM motor. Voltage drops across the power switches in 

the inverter reduce the terminal voltage seen by the 

machine. At very low speeds, the voltage drop can be 

higher than the induced voltage and hence introduce 

severe disturbance.  

According to the forward characteristic of the power 

devices illustrated in Fig. 4, the forward voltage drop across 

the IGBT and diode (vCE) can be modelled by an average 

threshold voltage vCE0 and a current-dependent rCEi, where 

rCE is the differential resistance and i is the forward current 

of the device. This characteristic is expressed in (4) and 

represented by the dotted line in Fig. 4. 

 

        (4) 

 

It is well known that forward characteristics of the 

IGBT and its freewheeling diode are non-linear, as 

illustrated in Fig. 4. The focus in this paper is to 

compensate for the error caused by vCE0. 

It is well known that forward characteristics of the 

IGBT and its freewheeling diode are non-linear, as 

 

 

 

Fig. 3.  Circuit diagram of the three phase two level inverter with a DTC Controller. 
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illustrated in Fig. 4. The focus in this paper is to 

compensate the error caused by vCE0. 

In order to examine the error in the voltage vector 

caused by neglecting the forward voltage drop, the 

switching modes of the inverter with different voltage 

vector and polarity are investigated. The operation mode 

of one inverter leg is analyzed in Fig. 5. The letter s in Fig. 

5 indicates the switching function of the inverter leg. 

Output voltage of the inverter leg with positive current 

(into the load) and negative current (from the load) are 

compared under the conditions of s=1 and s=0. It is seen 

that when the current is positive, the actual voltage is 

shifted down by vCE and when the current is negative, the 

waveform of the actual output voltage is shifted up by vCE. 

As a result, the error caused by the forward voltage drop 

of the switches of the inverter leg A can be expressed as in 

(5). The error voltage vector of the three inverter legs can 

be represented by (6). 
 

0* * ( )A DC A CE Av s v v v sgn i           (5) 

 

22
[sgn( ) *sgn( ) *sgn( )]

3
fvd CE A B CV v i i i         (6) 

 

where 2 /3je   , vA is the voltage across inverter leg A, 

vDC is the inverter input DC voltage and Vfvd is the forward 

voltage drop of the inverter.  

From (6), it is seen that the voltage error vector only 

depends on the polarity of the three-phase currents and the 

switching status does not affect the error vector. Hence, 

for the purpose of compensating the error vector, only the 

polarities of the three phase currents are needed. 

There is a time in each switching cycle where both the 

high and low side switches in the same leg of the inverter 

are off and the current flow is through diodes. This is 

known as the dead-time which is inserted into the gate 

signal of the switch that is to be turned on to avoid direct 

short circuit across the DC bus voltage source. This 

dead-time delay causes a change in and distortion of the 

stator voltage vector applied to the machine 
[9-11]

. 

Fig. 6 shows the PWM control signal as an example and 

the switching signals of a single inverter leg. The control 

signals for the upper and lower switches are shown 

together with the dead-time. The turn-on and turn-off time 

of the power switches are also considered in the figure. In 

the last two subplots of Fig. 6, the expected and the actual 

output voltages are compared. It is seen that due to the 

effect of dead-time td, the turn-on delay tON and the 

turn-off delay tOFF, there is distortion between the 

expected and the actual output voltages.  

The dead-time error vector between the expected output 

and actual voltage vector is given by (7) for different 

directions of the current vector. This error can be 

compensated by detecting the polarity of the output 

current. 
 

22
[sgn( ) *sgn( ) *sgn( )]

3
dt dead A B CV v i i i           (7) 
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where , , , ,dead on off sat dct t t V V and Ts are dead time, turn-on 

time, turn-off time, average on-state voltage, dc-link 

voltage and switching period respectively.  
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Fig. 4.   Forward characteristics of the IGBT and diode in the     

        three phase inverter. 

 

 
 

Fig. 5.  Analysis of forward voltage drop of an inverter leg. 
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4. Experiment results without compensation 

 

Experiments were performed to investigate the accuracy 

of flux and torque estimation at various speeds without 

any compensation for non-linear effects of the inverter. A 

DS1104 DSP card is used to carry out the real-time 

algorithm. A three-phase insulated gate bipolar transistor 

(IGBT) intelligent power-module is used for an inverter. 

Coding of real time control software was done using C 

language. The experimental setup is shown in Fig. 7. 

Space vector PWM signals were generated on the DS1104 

board. An incremental encoder is used to detect the rotor 

speed and a DC machine is used to load the PM machine. 

Table 1 shows the parameters of the IPM motor used. 

 

Table 1  Parameters of the IPM motor used 
 

Number of pole pairs P 2 

Rated power Pr 1 kW 

Phase Voltage V 132V 

Stator resistance R 5.8 Ω 

Magnet flux linkage λf 0.533 Wb 

d-axis inductance Ld 0.0448 H 

q-axis inductance Lq 0.1024 H 

Phase current I 3 A 

Base speed wb 1260 rpm 

Rated torque Tb 6 Nm 

 
 

 
 

Fig. 6.  PWM switching signals of the inverter with positive    

         current considering the effect of dead-time and switc   

         hing delays in the power switches. 

Fig. 11 shows the dynamic response of the PI-DTC IPM 

drive during speed transition from 200 rpm to 800 rpm. 

The flux and torque estimation errors are seen to be larger 

at 200 rpm than at the higher speed of 800 rpm, indicating 

the necessity for compensation at low speed.  

The performance of the PI-DTC IPM drive at 500rpm 

with rated load without any compensation for non-linear 

effects of the inverter is shown in Fig. 8. It is seen that the 

estimated values of torque and flux are close to the actual 

values. Ideally, the estimated and actual values should 

exactly match each other. The performance at 186rpm is 

shown in Fig. 9. A significant deviation of the estimated 

torque and stator flux from the actual ones is observed, 

indicating a significant increase in estimation error at 

lower speed. Fig. 10 shows the corresponding speed, 

phase current and reference voltage (Vα) responses. The 

phase current at 186 rpm is a distorted sinusoid, as seen in 

Fig. 10, due to the effects of forward voltage drop and 

dead-time of inverter switching devices. The lowest speed 

at which the PI-DTC IPM drive can run smoothly under 

full load conditions without FVD and dead-time 

compensation is 186rpm.  

 

5. Compensation algorithm 

 

The compensation in (9) must be made to the reference 

voltage vector, Vref, which is used by the estimators as the 

input Vα,β for more accurate observation. In order for the 

machine to run at a very low speed smoothly, the 

fundamental reference voltage must be compensated for 

the inverter device forward voltage drops and the 

dead-time loss using the estimated value of ΔV. 
 

, ( )ref fvd dt refV V V V V V              (9) 

 

 
 

Fig. 7. Experimental setup used for IPM drive control. 
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Fig. 12 shows a block diagram of the process for 

compensating for the effects of forward voltage drop and 

dead-time of power devices in the three-phase inverter 

required for more accurate estimation of stator flux and 

torque. The inputs to the compensation logic block are the 

polarities of the three phase currents, forward voltage drop 

across the IGBT and diode 
CEv  shown in (4) and voltage 

drop due to dead-time, turn-off and turn-on delays 
deadv  

shown in (8). The compensation logic block uses (6) and 

(7) to determine the error voltage vector, which is used to 

compensate the reference voltage vector for the purpose of 

flux and torque estimation. 

From (6) and (7), it is noticed that the line to neutral 

voltage reduction in the stationary reference frame is a 

six-step waveform which is in phase with the 

corresponding phase current and has step values of 

4

3
V , 2

3
V , 2

( )
3

V   and 4
( )
3

V  . Fig. 13 illustrates 

the compensation voltage vectors and six sectors. Table 2 

shows the compensation voltages as a function of phase 

current directions. For example, if the current vector is in 

region II as shown in Fig. 13, the error vector will be 
 

2

3

4
CEOvv 

        (10) 

 

Table 2  Deadtime and forward voltage drop compensation 

voltages in sectors. 
 

 

 

6. Experiment Results with Compensation 

 

The compensation scheme proposed in the previous 

section was implemented experimentally to investigate its 

effectiveness on the DTC IPM drive, especially at low 

speed. The compensation schemes are software oriented 

and no additional hardware is required. It should be noted 

that the problems of FVD and dead-time cannot be 

isolated in the real hardware of the inverter. The values of 

dead-time, turn-on and turn-off delay used in the 

compensation scheme are 3.5µs, 1µs and 1.5µs 

respectively. These parameters were obtained from the 

technical data sheet of the IGBT module PM50RHA120. 
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Fig. 8.  Flux linkage and torque at 500rpm without  

    compensation under full load condition. 
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Fig. 9.  Responses of torque and stator flux without FVD and  

    dead-time compensation at 186rpm with full load. 
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        voltage without FVD and dead-time compensation. 



444                            Journal of Power Electronics, Vol. 9 No. 3, May 2009 

 

 

 

PI-DTC VS-DTC

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

200

400

600

800

1000

S
p
e
e
d
(r

p
m

)

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
-2

0

2

4

6

8

T
o
rq

u
e
(N

m
)

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
0.3

0.4

0.5

F
lu

x
(W

b
)

Time(sec)

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6

200

400

600

800

1000

S
p
e
e
d
(r

p
m

)

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6
-2

0

2

4

6

8

T
o
rq

u
e
(N

m
)

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6
0.3

0.4

0.5

F
lu

x
(W

b
)

Time(sec)

estT

actT actT

estT

act
est

est
act

 
Fig. 11.  Torque and flux linkage (actual and estimated)  

    responses of PI-DTC during speed change from  

 200 rpm to 800 rpm without compensation. 

 

A system diagram of the DTC IPM drive system with 

the integration of the compensation scheme is shown in 

Fig. 14. Two current sensors and one DC bus voltage 

sensor employed by the SVM DTC drive are still used.  

Fig. 15 shows the estimated and actual flux linkages 

and torques of the PI-DTC IPM drive with compensations 

for forward voltage drop and dead-time at 500 rpm under 

full load condition. It can be seen that the estimated stator 

flux linkage and torque match the actual values well, 

indicating better performance than that seen in Fig. 8 

without compensation. The estimated and actual stator 

flux linkages and torques at 186 rpm under full load 

condition is shown in Fig. 16. The estimated and actual 

values of torque and flux are not exactly the same but the 

difference between them is significantly smaller than that 

seen without compensation in Fig. 9. The phase current 

waveform at 186 rpm with compensation, in Fig. 17, is 

seen to be more sinusoidal than without compensation 

shown in Fig. 10. Hence, the compensation scheme 

effectively eliminates phase current distortions at low 

speeds. Fig. 18 shows the dynamic response of the 

compensated DTC IPM drive during speed step change 

from 150 rpm to 800 rpm. The estimated torques and 

stator flux linkages are seen to track their actual 

counterparts very well during the transition.  

More accurate flux and torque estimation with the 

forward voltage drop and dead-time compensation 

integrated has enabled the PI-DTC IPM drive to operate 

down to 120 rpm with rated load and 60 rpm with half of 

the rated load. Therefore, better low speed performance of 

the PI-DTC IPM drive is achieved with the 

implementation of the proposed compensation algorithm 

for the effects of forward voltage drops and dead-time.   

 

7. Conclusions 

 

In this paper, the effects of the forward voltage drop and 

dead-time of power switches on the performance of space 

vector modulation integrated direct torque controlled 

IPMSM drive system are analysed and investigated. It is 

seen that the forward voltage drop and dead-time of power 

devices cause errors in the estimation of flux and torque, 

especially during very low speed operation, which could 

lead to instability and uncontrollability of the drive system.  

A voltage vector based compensation scheme, which 

does not require any additional hardware, is proposed to 

improve the stator flux linkage and torque estimation of the 

drive. Experimental results show that a significantly better 

low speed performance of the PI-DTC IPM drive system is 

achieved with the implementation of the proposed 

compensation algorithm for the effects of forward voltage 

drop and dead-time. 
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Fig. 13.  Compensation voltage vectors and six sectors. 
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Fig. 14.  Sensorless DTC IPM drive system with forward 

           voltage drop and dead-time compensation. 
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Fig. 15.  Flux linkage, torque and current at 500rpm with      

          FVD and dead-time compensation under full load  

condition. 
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Fig. 16.  Responses of torque and stator flux with FVD and    

        dead-time compensation at 186rpm with full load. 
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Fig. 17.  Responses of rotor speed, phase current and     

       reference voltage with FVD and dead-time 

compensation under full load. 
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Fig. 18.  Torque and flux linkage (actual and estimated) respons  

       es during speed change from 150 rpm to 800 rpm for  

        PI-DTC drive with FVD and dead-time compensation. 
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