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This paper presents a novel Direct Torque Control (DTC) algorithm for induction 
motor electrical drives supplied by 3-level diode clamped inverters. It is the natural 
extension of the classic Switching Table (ST) based DTC, modified for a 3-level 
inverter supply. It presents also a very simple algorithm for the minimization of the 
capacitor voltage ripple. Results obtained with numerical simulations show that the 
employment of a 3-level inverter in such a control scheme permits to obtain the 
same dynamical performances as those obtained with a 2-level inverter with 
resulting lower torque and flux ripples as well as a lower harmonic content in the 
stator voltages and currents. Some considerations about the consequent benefits as 
for EMC of this drive are also presented. 
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1. INTRODUCTION 

High dynamic performance control of the electromagnetic torque of an 
induction motor can be generally achieved mainly by means of two control 
strategies: Field Oriented Control (FOC) and Direct Torque Control (DTC) [1- 
2]. In particular the classic Switching Table (ST) DTC offers attractive 
performances in terms of fast torque response, simple and less computationally 
cumbersome control schemes, robustness against parameter variation, no need 
of a PWM modulator and current regulators. However, it presents some 
drawbacks, like torque ripple, variable switching frequency, the well known 
problems at start-up and those of electromagnetic compatibility (EMC) due to 
the high frequency harmonic content of stator voltages and currents. On the 
other hand, there has been a growth of such novel power converter topologies 
as multilevel inverters [3]÷[14], which permit a multiple voltage supply to be 
used with the same type of switches, and can be therefore suitably employed in 
high voltage high performance electrical drives with induction motors. Some 
papers have focused on the application of DTC or DSC (Direct Self Control) to 
multilevel converters [5][6][9]÷[14]. The potential impact of 3-level inverter 
with DTC control have been faced up to in [5]. It proposes a switching table 
based DTC with hysteresis flux and torque controllers, analyses the low and 
high frequency behavior of the drive, and examines the fundamentals of neutral 
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point balancing problem. [9] proposes a DSC drive where two separate 3-level 
inverters supply the induction machine stator windings; it gives rise to 61 
different switching states, whose selection is made by considering the following 
criteria: changeover condition, minimum switching state, neutral point balance 
and switching frequency. Particularly, the neutral point balancing is achieved 
by commanding a purely alternating neutral current, whose frequency is not too 
low, to avoid excessive capacitor voltage ripples. [6][10] propose a DTC drive 
supplied by a 3-level inverter, to solve the demagnetization problem at very low 
speeds, typical of DTC schemes. This problem is solved by dividing each 
sector into 2 sub-sectors and applying the medium voltage vectors to the lower 
sub-sectors. However, the problem of neutral point balancing, which is 
exacerbated by the adoption of medium voltage vectors, is not faced up to. [13] 
deals with a DTC drive supplied by a 3-level inverter, devised to work properly 
at low frequency, using a predictive scheme which computes in advance the 
electromagnetic torque response to any voltage vector. [14] focuses on the 
application of neural networks (NN) to DTC drives fed by 3-level inverters. In 
particular, a NN is trained to learn the relationship between the voltage vector 
and the torque and flux error, to suitably choose the switching pattern of the 
inverter. 

This paper presents a very simple and not cumbersome DTC control scheme, 
which is the natural extension of the classical DTC for a 2-level inverter to a 
DTC for a 3-level inverter together with a very simple algorithm for 
minimizing the neutral point voltage ripple. This work refers to previous works 
of the authors [15- 16] and summarizes them. This control scheme is compared 
with the classical DTC and its advantages are highlighted with regard to the 
torque and flux ripple and the harmonic content of the stator voltage and 
current waveforms, with the resulting enhancement of the EMC of the electrical 
drive. The paper is organized as follows. Section 2 describes the 3-level 
inverter fed DTC drive. Section 3 deals with the neutral point ripple problem, 
typical of multilevel inverters and proposes a very simple voltage balancing 
algorithm for the DTC scheme. Section 4 presents the simulation results of the 
proposed DTC drive, compares them to those obtained with a classical DTC 
and also discusses them from the EMC standpoint.  

2. THE DIRECT TORQUE CONTROL DRIVE 

2.1 The 3-level Inverter 

The schematic of a diode-clamped 3-level inverter is shown in Fig. 1. By 
adopting this inverter the possible switching state SxA for leg of phase A are 
shown in Tab. I. Identical values are taken on by legs B and C (SxB, SxC) which 
identify the switching states for phases B and C. Note that not all possible 
configurations are acceptable, for avoiding the DC link short-circuit [15]. 
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Table. I : Switching states of a leg of 3-level inverter 

SxA S1A S2A S3A S4A 

2 On On Off Off 

1 Off On On Off 

0 Off Off On On 

As a consequence, any voltage space vector generated by the inverter can be 
identified by a 3-component vector, like (2 2 1), where each component is 
given by the value of Sx for each of the three legs of the inverter. Fig. 2 a) 
shows the hexagon of the 19 voltage space vectors which can be generated. 
These voltage vectors can be divided into four categories on the basis of their 
magnitude: a) high voltage vectors which have amplitude 2 / 3dU , b) medium 

voltage vectors which have amplitude 3 / 3dU , c) low voltage vectors which 
have amplitude / 3dU , d) zero voltage vectors which have null amplitude, 
where Ud is the DC link voltage.  

 
Figure 1: Schematics of a 3-level diode-clamped inverter 

2.2 The Proposed Direct Torque Control Algorithm 

The proposed DTC algorithm uses only 12 active voltage vectors as depicted 
in Fig. 2 b); it employs neither the medium vectors nor the zero vectors. As for 
zero voltage vectors, it should be noted that, if they were used, it would not be 
possible to magnetize the machine at zero speed at no-load and therefore zero-
speed operation would not be possible. On the other hand, the lack of zero 
voltage vectors is paid off with a slight increase of flux and torque ripples. Fig. 
2 c) shows the 6 active voltage vectors which can be obtained with a 2-level 
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inverter under the same DC link voltage.  

The adopted 12 voltage vectors are divided into two categories, on the basis 
of the parameter LevU (voltage level) as shown in Table. II. Note that ny ui 
space vector (with i=1, 2, …,6) with LevU = low can be obtained with two 
different switching patterns. 

Table. II: Voltage space vectors employed in the proposed DTC algorithm 

  u1 u2 u3 u4 u5 u6 

High 2 0 0 2 2 0 0 2 0 0 2 2 0 0 2 2 0 2 

2 1 1 2 2 1 1 2 1 1 2 2 1 1 2 2 1 2 

 

LevU  
Low 

1 0 0 1 1 0 0 1 0 0 1 1 0 0 1 1 0 1 

(2 2 2)
(1 1 1)
(0 0 0)

(2 1 1)
(1 0 0)

(2 0 0)

(2 2 0)

(2 1 0)(2 2 1)
(1 1 0)

(1 2 0)(0 2 0)

(1 2 1)
(0 1 0)

(0 2 1)

(1 2 2)
(0 1 1)

(0 1 2)
(1 1 2)
(0 0 1)

(0 0 2) (1 0 2) (2 0 2)

(2 1 2)
(1 0 1) (2 0 1)

sQ

sD (2 1 1)
(1 0 0)

(2 0 0)
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(1 1 0)

(0 2 0)
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(0 2 2) (1 2 2)
(0 1 1)
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2-level behaviour

b)
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Figure 2: Hexagon of the voltages of a 3-level inverter in the cases: a) all voltage vector 
employed, b) proposed solution, c) 2-level behavior 

The block diagram of the DTC drive is shown in Fig. 3 a. Both torque and 
stator flux controls are achieved by using 4-level hysteresis comparators (Fig. 3 
b). The output of each comparator can be either 2 (–2) or 1 (–1) according to 
the positive (negative) value of the torque or the flux error: if the value of the 
error is within the hysteresis loop, then the output of the comparator is 1 (-1). 
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On the basis of the sector i (i=1, 2, …,6) in which the stator flux linkage lies 
and the magnitude of the errors of the torque and flux loops, a voltage space 
vector ui is generated as shown in Tab III: each ui can be chosen either high or 
low, according to the error as shown below.  

Table III: Adopted control strategy (arrow up= increase, arrow down = decrease) 

 te ⇑  ⎢ψs ⎢⇑ te ⇑  ⎢ψs ⎢ ⇓ te ⇓  ⎢ψs ⎢ ⇑ te ⇓  ⎢ψs ⎢ ⇓ 

Control strategy 
(i sector) 

ui+1 ui+2 ui-1 ui-2 

The adopted control strategy is basically the classic Switching Table Direct 
Torque Control (ST-DTC) proposed in [1], without the adoption of the zero 
voltage vector: the torque hysteresis controller does not present the zero value 
as in [1].  

Figure 3 a: Block diagram of the DTC drive with a three-level inverter 
 

-2 

2 

1 

-1 

ete(eΨs) Tout(Ψout) 

 
Figure 3 b: 4-level hysteresis comparator 

If the absolute value of the output of one of the two comparators is two – i.e. 
the error is large -, then the voltage space vector ui with LevU = ”high” is 
generated, otherwise ui with LevU = ”low” is selected. As clearly shown in Fig. 
4, the effect of the voltage vector with LevU = ”high” causes high variations 
both in the torque and in the stator flux amplitude, while the effect of the 
voltage vector with LevU = ”low” causes smaller variations. The use of more 
voltage vectors in the 3-level inverter fed DTC than in the 2-level inverter fed 
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DTC permits therefore the harmonic content in stator voltages and currents to 
be correspondingly reduced, as shown in the following. It should be remarked 
that the final choice of the ui is also dependant on the basis of the results of the 
“Capacitor Voltage Ripple Minimization Algorithm”, as described in detail in § 
3.B. 

The stator flux linkage amplitude is estimated with a classical open-loop 
“voltage” flux model based on the well known stator equations of the induction 
machine: 

( )
( )

⎧ψ = −⎪
⎨

ψ = −⎪⎩

∫
∫

sD sD s sD

sQ sQ s sQ

u Ri dt

u Ri dt
                  (1) 

For the symbols see the list at the end. In the control scheme, the stator 
voltage components are computed on-line from the knowledge of the DC-link 
voltage and the switching state SxA, SxB, SxC of the legs of the inverter (see Tab. 
I), by the following formulae [1]: 

( )
( )
( )

6 2
6 2
6 2

= − −⎧
⎪ = − −⎨
⎪ = − −⎩

sA d xA xB xC

sB d xB xA xC

sC d xC xA xB

u U S S S
u U S S S
u U S S S

                (2) 

The electromagnetic torque is estimated on-line by the knowledge of the 
instantaneous values of the direct and quadrature stator flux linkage and current 
components: 

( )3
2

= ψ − ψe sD sQ sQ sDt p i i                   (3) 

 
Figure 4: Effect of the voltages space vectors on torque and stator flux linkage (arrow 
up=increase, double arrow up=strong increase arrow down=decrease, double arrow 

down=strong decrease). 
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3. CAPACITOR VOLTAGE RIPPLE MINIMIZATION ALGORITHM 

3.1 The DC Link Capacitor Ripple 

The most simple and wide-spread method for producing  the neutral point is 
to connect in series two DC link capacitors, thus creating a point that has the 
same voltage in respect with points 2 and 0 of the inverter (Fig. 1). However, 
neutral point voltage fluctuations are inherently associated with this kind of 
inverter, resulting in voltage unbalances between the upper (C2) and lower (C1) 
capacitors and therefore in undesirable voltage stress to the power devices 
[3][17]  

In this respect, it should be noted that all high voltage vectors do not cause 
any voltage ripple on the point 1, since they connect the machine windings to 
the point 0 and 2 of the DC link and therefore no power is required from the 
neutral point. 

However, both medium and low voltage vectors cause neutral point voltage 
variations, because a current is drawn from or injected into the same point 1. 

The medium voltage vectors cause the neutral point to be unbalanced. There 
exist a way to compensate this [17], but it is not dealt here, as the proposed 
algorithm does not use this kind of vectors. 

On the contrary, for low voltage vectors, each configuration can be obtained 
with two switching patterns, which have opposite effects on neutral point 
voltage (redundant switching state). Fig. 5 A) and B) show the effects of the 
application of the two switching patterns (2 2 1) and (1 1 0) in case of motoring 
mode. The first pattern connects the motor windings between the points 2 and 1 
of the inverter, while the other connects them between the points 1 and 0. In 
case of generating mode, the sign of the currents provided by DC link changes 
but the compensating effect of the two patterns is still valid. 

0

U 1
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d

C2

C1

iC

iC
2

iC
2

iC
2

(2 2 1)
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2

d
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A B
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A B
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A) B)  
Figure 5: Neutral point ripple of the inverter capacitors 
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3.2 Proposed Capacitor Voltage Ripple Minimization Algorithm 
With reference to the proposed DTC algorithm, as mentioned above, all 

voltage space vectors with LevU = ”high” do not cause any unbalance in the 
capacitors.  

On the contrary, all voltage vectors with LevU = ”low” unbalance the 
capacitors, and the two possible switching patterns by which each voltage 
vector can be generated, for example (2 2 1) and (1 0 0), have opposite effects 
on the voltage unbalance of the neutral point in steady-state. Therefore they can 
be employed to balance the neutral point voltage. For these reasons, the 
proposed capacitor voltage ripple minimization algorithm employs only voltage 
vectors with LevU = ”low” and LevU = ”high”. No medium voltage vectors are 
used, so their compensation is irrelevant.  

Fig. 6 shows the flow-chart of the proposed algorithm and the consequent 
switching pattern selection which takes into account the neutral point voltage 
ripple. If the absolute value of the comparator output (Tout or Ψout) is 2, then a 
voltage vector with LevU = ”high” is selected together with  the corresponding 
switching state. In this case, no unbalancing effect on the capacitor voltages is 
to be expected. Otherwise if no comparator output is 2, a voltage vector with 
LevU = ”low” is selected. Whenever a LevU = ”low” vector is applied, both the 
typology of “low vector” (e.g. 2 2 1 or its complementary 1 1 0) and the sign of 
the current provided by the neutral point are memorized. If the sign of the 
current provided by the DC link does not change, then the complementary 
switching pattern type for LevU = “low” is selected to permit the capacitor 
voltages to be balanced. Remark that only the first choice of the switching 
pattern for LevU = ”low” is arbitrary.  

The proposed neutral point voltage ripple minimization algorithm acts 
basically on the cause of the ripple itself, which is the current provided by the 
neutral point.  

The instantaneous neutral point voltage variation can be calculated on the 
basis of the current I0 required by the motor and the capacitance C of the DC 
link divider on the basis of the following: 

( ) 0
1 2

Δ = −
I

v t t
C

                      (4) 

On the basis of (4) the capacitance C  of the divider can be computed, once 
assigned the maximum allowed percentage voltage ripple in a time sample of 
the control algorithm when 0I  is equal to the rated current of the machine 
(which is the worst case).  
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Figure 6: Flow-chart of the capacitor voltage ripple minimization algorithm 

4. RESULTS 

The goodness of the proposed DTC algorithm has been assessed in 
simulation on a PC. All simulations have been performed in the Matlab®-
Simulink® environment. In particular the DTC drive has been modeled in all of 
its components (three-level inverter, induction motor, control algorithm, 
voltage balancing algorithm). Table IV and V show the rated values and the 
electrical parameters of the induction motor and the inverter under test.  

The results obtained with the DTC algorithm applied to a 3-level inverter 
have been compared with those obtained with a traditional DTC algorithm 
applied to a two-level inverter. In both cases, after having magnetized the 
machine at its rated stator flux of 0.8Vs, a speed step reference of 150 rad/s has 
been given at t=0.1 s with no load. Fig. 7 shows the rotor speed and the stator 
voltage sAu  obtained with both inverter topologies. It can be observed that the 
control algorithm automatically selects when high level or low level voltage 
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space vectors should be used; in the first transient only low-level voltages are 
used while at higher speeds also high level ones are employed. Fig. 8, which 
shows the FFT of the voltage waveform at steady-state as obtained with both 
kinds of inverters, highlights that the harmonic content of the stator voltage at 
high frequency is highly reduced by employing the proposed 3-level inverter. 
Fig. 9 shows the torque responses of the two control algorithms when a step 
loading torque of 13 Nm (rated load) has been given at t= 0.6 s. It should be 
remarked that, while the dynamic of the torque loop is in both cases almost the 
same, the torque ripple obtained with the 2-level inverter is much higher than 
that obtained with the 3-level one. In particular, to compare the torque ripples, 
the following normalized standard deviation has been employed 

( )2
0 01 1δ = −∑

n

T i
i

T n T T , where 0T  is the desired torque, iT  is the torque at the i-th 

sample time and n is the number of samples.  
TABLE IV: Parameters of the induction motor 

Rated power Prated [kW] 2.2 

Rated voltage Urated [V] 220 

Rated frequency frated [Hz] 50 

Pole-pairs 2 

Stator resistance Rs [Ω] 3.88 

Stator inductance Ls [H] 252⋅10-3 

Rotor resistance Rr [Ω] 1.87 

Rotor inductance Lr [H] 252⋅10-3 

Three-phase magnetizing inductance Lm [H] 236.3⋅10-3 

Moment of inertia J [Kg⋅m2] 0.0266 

TABLE. V: Parameters of the inverter 

DC link voltage UDC [V] 560 

Rated current Irated [A] 50 

Maximum current Imax [A] 100 

Commutation frequency fc [kHz] 10 

Switch off time (25 ° C) Toff [μs] 0.8÷1.5 

Switch on time (25 ° C) Ton [ns] 0.5 ÷0.8 

Protection time Tp  [μs] 4  
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Similarly, to compare the stator flux linkage ripples, the following normalized 

standard deviation has been employed ( )2
1 1ψδ = ψ ψ − ψ∑

n

ref i ref
i

n , where ψref 

is the reference stator flux, ψi  is the stator flux at the i-th sample time and n is 
the number of samples. Tab. VI shows clearly that the employment of a 3-level 
inverter permits a torque ripple and a stator flux ripple which are respectively 
about as much as 3.75 times and 1.2 times lower than the corresponding ones of 
the 2-level inverter. 

Table. VI: Torque and stator flux linkage ripples  

 δT δψ 

3 - level inverter 0.0205 0.0087 

2 - level inverter 0.0769 0.0104 

Fig. 10 shows the stator current sAi  and Fig. 11 shows its FFT. Both the 
waveforms, in the time and frequency domains, show that the harmonic content 
of the stator current is highly reduced by employing the 3-level inverter 
topology (see Tab VII). As a consequence the converter will contribute less to 
the common-mode current flowing through the earth wire, with resulting less 
stress in the windings and the bearings of the motor; in addition the radiated 
emissions from the wires are also reduced in comparison with the 2-level 
inverter counterpart. The THD’s (Total Harmonic Distortion) of both the stator 
voltages and currents for the two inverters have been computed as an index of 
the global harmonic content. Table VII shows that the THD of the stator 
voltage with a 2-level inverter is as much as 1.41 higher than that obtained with 
the 3-level one and that the THD of the stator currents with a 2-level inverter is 
as much as 1.06 higher than that obtained with the 3-level one. Hence, the 
global harmonic content for voltages and currents with the 3-level inverter is 
strongly reduced. Moreover, the maximum value of sAdi dt  has been 
computed: it is 20.31 A/ms for the DTC drive with the 2-level inverter and 
11.86 A/ms for that with the 3-level inverter, that is the former is 1.72 times 
higher than the latter. Thus the DTC drive, with the 3-level inverter, is much 
less polluting than the corresponding 2-level inverter fed DTC from the Electro 
Magnetic Compatibility (EMC) standpoint, as far as conducted and radiated 
high frequency emissions are concerned. 

Finally, Fig. 12 shows the voltages on the capacitors 1C  and 2C  of the 
inverter. It can be observed that, by employing the capacitor voltage ripple 
minimization algorithm explained in § 3.B, the two capacitors remain balanced 
in each operating condition. The maximum peak to peak percentage variation 
of the capacitor voltages due to their unbalance is 0.21%.  
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Table. VII: THD’s of stator voltages and currents. 

 Stator 
voltages 

Stator 
currents 

3 - level inverter 74.37 63.79 

2 - level inverter 105.48 68.08 
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Figure 7. Rotor speed and stator voltage usA  
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Figure 8. Spectra of the stator voltage usA (mind the different scales of magnitudes) 
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Figure 9. Electromagnetic torque 
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Figure 10. Stator current isA 
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Figure 11. Spectra of the stator current isA 
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Figure 12. Voltages on the capacitors of the inverter 

5. CONCLUSIONS 

This paper presents a very simple implementation of a Switching Table 
based Direct Torque Control algorithm with a 3-level diode-clamped inverter. 
The proposed algorithm is a natural extension of the classical DTC with a 2-
level inverter and does not require any predictive algorithm. A very simple and 
not computationally cumbersome methodology for minimizing the capacitor 
voltage ripple is presented too. The results of  the numerical simulations show 
that the employment of a 3-level inverter instead of a 2-level one with such a 
control algorithm permits to obtain the same dynamical performances of the 
drive, with far lower torque and flux ripples and a lower harmonic content in 
the stator voltages and currents. This results in the reduction of the high 
frequency conducted and radiated emissions. This makes this kind of DTC 
drives is therefore less polluting system than the classical DTC drive, and thus 
improves the mechanical features with fewer torque ripples without worsening 
its dynamical performances. On the other hand, these advantages are 
counterbalanced by the increased complexity of the circuitry of the 3-level 
power converter, which causes an increase of its cost. Actually, in a 3-level 
inverter the number of power devices double in respect with a 2-level one, and 
consequently the cost of the power electronic stage of the drive. However, for 
low power applications, the cost of each power device (with its command 
circuitry) is in general neglectable in respect with the cost of the motor and 
sensors to be employed (current/voltage sensors and encoder) and in any case 
nowadays the cost of semiconductor-based devices tends to diminish. 

As to the control algorithm the computational burden is practically the same 
as the one of the classical DTC without any need of more powerful processors.  
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LIST OF SYMBOLS 

- , ,sA sB sCu u u : stator phase voltages; 
- , ,sA sB sCi i i : stator phase currents; 
- ,sD sQu u : direct and quadrature components of the stator voltage in the 

stator reference frame; 
- ,sD sQi i : direct and quadrature components of the stator current in the stator 

reference frame; 
- dU : DC-link voltage; 
- ,ψ ψsD sQ :direct and quadrature components of the stator flux linkage in 

the stator reference frame; 
- sR : stator resistance; 
- p : number of pole pairs; 
- et : electromagnetic torque. 
- SxA, SxB, SxC: switching state of the upper devices of the inverter legs A, B, 

C. 
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