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Abstract 

 

In this paper, a direct torque control algorithm with novel duty cycle-based modulation is proposed for permanent magnet 
synchronous motor drives fed by neutral-point clamped three-level inverters. Compared with the standard DTC, the proposed 
algorithm can suppress steady-state torque ripples as well as ensure neutral-point potential balance and smooth vector switching. A 
unified torque/flux evaluation table with multiple voltage vectors and precise control levels is established and used in this method. 
This table can be used to evaluate the effects of duty-cycle vectors on torque and flux directly, and the elements of the table are 
independent of the motor parameters. Consequently, a high number of appropriate voltage vectors and their corresponding duty 
cycles can be selected as candidate vectors to reduce torque ripples by looking up the table. Furthermore, small vectors are 
incorporated into the table to ensure the neutral-point potential balance with the numerous candidate vectors. The feasibility and 
effectiveness of the proposed algorithm are verified by both simulations and experiments. 
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I. INTRODUCTION 

The main advantages of permanent magnet synchronous 
motor (PMSM) are their simple structure, good reliability, and 
high power density. PMSMs are widely used in the fields of 
rail traction and wind power generation [1], [2]. 
Neutral-point-clamped three-level inverters (3L-NPCs) have 
been used in medium-power applications because these 
inverters present low harmonic contents in the output voltage 
and current and low stress on the semiconductors [3]-[5]. Thus, 
PMSM drives fed by 3L-NPCs have broad application 
prospects. 

Direct torque control (DTC) is one of the main control 

algorithms for a PMSM drive fed by a three-level inverter 
(3L-DTC). The merits of DTC include rapid torque response, 
simple structure (DTC does not require complex coordinate 
transformation and current regulation), and motor-parameter 
independence [6], [7]. However, the standard 3L-DTC exhibits 
large torque ripples due to two reasons. First, the standard 
3L-DTC adopts the structure of hysteresis controllers and 
switching tables, and only large and medium voltage vectors 
are employed to control the torque and flux [8], [9]. Second, 
constrained by the topology of the 3L-NPC, the output vector 
selection should consider the neutral-point balance and smooth 
vector switching [5], [10]. A neutral-point potential unbalance 
causes low-order harmonics in the output voltage, and these 
harmonics consequently lead to low-frequency torque 
fluctuations. Unsmooth vector switching means a direct 
“jump” between the positive and negative buses in a phase 
voltage, reducing both the quality of the output voltage and the 
accuracy of the control. 

Numerous improved algorithms have been proposed in the 
literature [8]-[16] to solve the problem of torque ripples in the 
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standard 3L-DTC. These algorithms can be divided into single 
vector-based DTC (SV-DTC), DTC with discrete space vector 
modulation (DSVM-DTC), and duty cycle-based DTC 
(DC-DTC) according to the vector output mode. SV-DTC 
improves torque control precision by merging small vectors 
into a switching table and then suppressing the steady torque 
ripples [12], [13]. In [12], the relationship between the stator 
current ripples and the flux vector was analyzed when a motor 
operates in the steady state. The results showed that the current 
ripples were reduced by utilizing small vectors; thus, a novel 
switching table that contains small vectors was established to 
achieve minimum current ripples [12]. In [13], the 
conventional torque hysteresis controller was improved as a 
four-level torque controller by combining small vectors. This 
3L-DTC algorithm can achieve torque ripple reduction and 
constant switching frequency. DSVM-DTC employs several 
virtual voltage vectors to control a motor. These vectors are 
synthesized by a modulation technique, and they have fixed 
direction and amplitude. In [8], each control period was 
divided into 9 short intervals, and 12 virtual vectors with 
constant amplitude were distributed uniformly in the 
fixed-angle space and synthesized by adopting a single basic 
vector in each interval. Similarly, 24 virtual vectors were 
synthesized by space vector pulse width modulation (SVPWM) 
in [14], and the stator flux sectors were subdivided into 24 
regions. In each region, the torque ripples can be kept within a 
narrow range by outputting a virtual vector on the basis of the 
control errors of the torque and flux. DC-DTC employs several 
basic voltage vectors in each control period. The duration of 
these basic vectors are calculated in accordance with the 
criterion of the minimum torque ripples [15], [16]. In [16], the 
switching table and the torque hysteresis controller were 
redesigned, and two voltage vectors were used to control the 
motor. The first basic voltage vector was selected on the basis 
of the switching table, and the second voltage vector was 
generated using the predicted duty cycle based on the 
mathematical model of the motor. 

To achieve the neutral-point potential balance and smooth 
vector switching of 3L-DTC on the premise of excellent torque 
performance, SV-DTC adopts the intermediate vector method 
[13], [8], whereas DSVM-DTC adopts the fixed synthesis 
vector method [9], [14]. However, the corresponding method 
for DC-DTC has not been discussed in the literature. The 
intermediate vector method employs the adjacent medium 
(large) vector instead of the original vector selected by the 
switching table to avoid switching directly between large 
(medium) vectors. This method measures the neutral-point 
potential in real time, and the adjacent small vectors are used as 
intermediate vectors to balance the neutral-point potential. This 
method can degrade the performance of torque and increase the 
complexity of vector selection given that the intermediate 
vectors are different from the original output vectors selected 
by the switching table. The fixed synthesis vector method  

 
Fig. 1. Main circuit of a 3L-NPC. 

 

TABLE I 

SA STATES OF INSULATED GATE BIPOLAR TRANSISTORS (IGBTS) 
AND VAN 

SA States of IGBTs VAN 
0 SA1 and SA2 off; SA3 and SA4 on 0 
1 SA2 and SA3 on; SA1 and SA4 off Vdc/2 
2 SA1 and SA2 on; SA3 and SA4 off Vdc 

 

simultaneously utilizes the two different switching states of the 
same small vector in each control period. The neutral-point 
potential balance can be achieved using this method by 
adjusting the switching time of the two switching states. This 
method always employs the same zero vector at the start and 
end of each control period considering the smooth vector 
switching. 

A novel duty cycle-based DTC algorithm is proposed in this 
paper. In the proposed algorithm, a unified torque/flux 
evaluation table for 3L-DTC is established. The control effects 
of all the basic and virtual vectors on the torque and flux can be 
evaluated directly with this table. Subsequently, the appropriate 
vectors that can achieve smooth torque and flux control are 
selected to control the PMSM. The control effects of the small 
vectors have already been incorporated into the evaluation 
table to ensure neutral-point potential balance and smooth 
vector switching of 3L-NPC. Therefore, the neutral-point 
potential balance can be achieved by utilizing the small vectors 
directly instead of inserting an additional intermediate vector. 
The smooth vector switching is attained by starting and ending 
with the same zero vectors in each control period. 

 

II. STANDARD 3L- DTC 

A. Model of a 3L-NPC 

A schematic of a typical PMSM drive fed by a 3L-NPC is 
presented in Fig. 1, where iO denotes the neutral-point current; 
iA, iB, and iC denote the three-phase currents of the PMSM; and 
Vdc denotes the DC-link voltage. 

The switching function Sj (j∈{A, B, C}) is introduced to 
describe the states of the four switching devices of each phase. 
For example, for phase A, the values of SA and the voltage VAN 
are listed in Table I. 
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Fig. 2. Voltage vectors of 3L-NPC. 

 
The switching state of each voltage vector can be 

represented by SASBSC. A total of 27 switching states 
correspond to 19 basic vectors, as shown in Fig. 2. These basic 
vectors can be divided into zero vectors (ZV, V0), large vectors 
(LV, V1–V6), small vectors (SV, V7–V12), and medium vectors 
(MV, V13–V18), whose amplitudes are 0, (2/3)Vdc, (1/3)Vdc, and 
(1/ 3 )Vdc, respectively.  

B. Basic Principles of PMSM-DTC 

The x–y rotating coordinate system is established in Fig. 2, 

where the stator flux vector Ψs is oriented and aligned on the 

x-axis, and θs is the phase angle of Ψs. The stator voltage 

equation of the PMSM in the x–y rotating coordinate system 

can be expressed as follows [17]: 

 
,y s y s s

,x s x s

| |

d
| |

d

n

n

V R i ω

V R i
t

  

  


Ψ

Ψ

 (1) 

where n = 0, 1, . . . , 18 denotes the numbers of the voltage 

vectors; Vn,x and Vn,y are the projections on the x-axis and y-axis 

of Vn, respectively; ix and iy are the projections on the x-axis 

and y-axis of I, respectively; and |Ψs|, ωs, and Rs are the stator 

flux amplitude, electrical angular velocity, and stator resistance, 

respectively. 

The torque change rate of the PMSM can be expressed as  
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where p, Ld, Lq, and ψf denote the pole pair number, direct 

stator inductance, quadrature stator inductance, and permanent 

magnet flux, respectively; and δ is the displacement angle 

between the stator and permanent magnet flux linkage. The 

change rate of δ is given by 
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where θr and ωr are the rotor position and rotor electrical  

TABLE II 
SWITCHING TABLE OF A STANDARD 3L-DTC 

CΨ CT

Stator Flux Sectors, hθ 

1 2 3 4 5 6 7 8 9 10 11 12

+1
+1 V2 V14 V3 V15 V4 V16 V5 V17 V6 V18 V7 V13

−1 V6 V18 V1 V13 V2 V14 V3 V15 V4 V16 V5 V17

−1
+1 V3 V15 V4 V16 V5 V17 V6 V18 V1 V13 V2 V14

−1 V5 V17 V6 V18 V1 V13 V2 V14 V3 V15 V4 V16

Note: CΨ, CT, and hθ represent the torque hysteresis output, flux hysteresis 
output, and sector number of stator flux; +1/−1 represents increases/decreases in 
the torque and flux.  

 
angular velocity, respectively. 

When the voltage drop of the stator resistance is disregarded, 

the relationships between the stator voltage and the change 

rates of the torque and flux can be derived as follows in 

accordance with Equs. (1)-(3): 

 
 e ,y r s

s ,x

d

d
d

d

n

n

T K V
t

V
t

  

 


Ψ

Ψ
,

 (4) 

where 

 f q s q d
d q

3
[ cos ( )cos2 ]

2

p
K L L L

L L
    Ψ . (5) 

According to Equ. (4), the change rates of the torque and 

flux of the PMSM are related to the y-axis and x-axis 

components of voltage vectors, respectively. 

Based on the above analysis, the switching table of the 

standard DTC is as presented in Table II [8]. 

C. Neutral-Point Potential of 3L-DTC 

The neutral-point current, iO, may not be zero under the 

effects of SVs and MVs; as a result, the neutral-point potential 

changes. The variations in VO in a control period can be 

expressed as follows [3]: 
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where C represents the capacitance of each capacitor. The 

effect of each SV and MV on VO is only related to a certain 

phase current considering iA+iB+iC=0. The effects of SVs and 

MVs are listed in Table III, where the shaded parts represent 

the MVs, “” indicates an increase, and “” indicates a 

decrease. 

Table III shows that the MVs can render VO uncontrollable, 

and the SVs correspond to two switching states with different 

effects on VO. Therefore, the stable control of VO can be 

realized by selecting the appropriate switching state of SVs that 

allows VO to change to zero.  
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Fig. 3. Block diagram of the proposed algorithm.  

 
TABLE III 

RELATIONSHIP BETWEEN THE NEUTRAL-POINT POTENTIAL AND 

VOLTAGE VECTORS 

iABC(+/-)  VO    VO  

iA(+)  V7 (100),V10(122)   V7 (211),V10(011)
 V14(120),V17(102)    

iA(-)  V7 (211),V10(011)   V7 (100),V10(122)
    V14(120),V17(102)

iB(+) 
 V9 (010),V12(212)   V9 (121),V12(101)
 V13(210),V16(012)    

iB(-)  V9 (121),V12(101)   V9 (010),V12(212)
    V13(210),V16(012)

iC(+)  V8 (221),V11(001)   V8 (110),V11(112)
 V15(021),V18(201)    

iC(-) 
 V8 (110),V11(112)   V8 (221),V11(001)
    V15(021),V18(201)

 

III. 3L-DTC-BASED EVALUATION TABLE 

The proposed algorithm is established in this section. Its 
block diagram is shown in Fig. 3. It mainly consists of 
torque/flux control, neutral-point control, and smooth vector 
switching. 

A. Torque/Flux Control 

1) Evaluation Function of Torque/Flux: The 18 basic active 
vectors in 3L-NPC are expanded to infinite virtual vectors 
with adjustable magnitudes in their original direction by duty 
cycle modulation to increase the control precision and 
suppress the torque ripples. The uniform expression of these 
vectors can be expressed as follows: 
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where θn represents the displacement angle between Vn and the 
α-axis, dn represents the duty cycle of basic vector Vn, and 

dn∈(0, 1].  
The torque evaluation function, τn, and flux evaluation 

function, λn, with the variations dn and θs are defined as follows: 
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In accordance with Equs. (4), (8), and (9), the change rates 
of Te and |Ψs| can be rearranged as follows:  
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The following expression can be obtained by simplifying Equ. 
(10): 
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The values of τn(dn, θs)–e and λn(dn, θs) for each voltage 
vector are proportional to the change rates of the torque and 
flux, respectively. Thus, the torque and flux control effects of 
each voltage vector can be reflected by the evaluation functions 
τn and λn.  



372                        Journal of Power Electronics, Vol. 17, No. 2, March 2017 

 

TABLE IV 
EVALUATION FUNCTIONS OF 3L-NPC VECTORS 

Vector No. τn(dn, θs) λn(dn, θs) 

LV 

V1 d1sin(-θs) d1cos(-θs) 

V2 d2sin(π/3-θs) d2cos(π/3-θs) 

V3 d3sin(2π/3-θs) d3cos(2π/3-θs) 

V4 d4sin(π-θs) d4cos(π-θs) 

V5 d5sin(4π/3-θs) d5cos(4π/3-θs) 

V6 d6sin(5π/3-θs) d6cos(5π/3-θs) 

SV 

V7 (1/2) d7sin(-θs) (1/2) d7cos(-θs) 

V8 (1/2) d8sin(π/3-θs) (1/2) d8cos(π/3-θs) 

V9 (1/2) d9sin(2π/3-θs) (1/2) d9cos(2π/3-θs)

V10 (1/2) d10sin(π-θs) (1/2) d10cos(π-θs) 

V11 (1/2) d11sin(4π/3-θs) (1/2) d11cos(4π/3-θs)

V12 (1/2) d12sin(5π/3-θs) (1/2) d12cos(5π/3-θs)

MV 

V13 ( 3 /2) d13sin(π/6-θs) ( 3 /2) d13cos(π/6-θs)

V14 ( 3 /2) d14sin(π/2-θs) ( 3 /2) d14cos(π/2-θs)

V15 ( 3 /2) d15sin(5π/6-θs) ( 3 /2) d15cos(5π/6-θs)

V16 ( 3 /2) d16sin(7π/6-θs) ( 3 /2) d16cos(7π/6-θs)

V17 ( 3 /2) d17sin(3π/2-θs) ( 3 /2) d17cos(3π/2-θs)

V18 ( 3 /2) d18sin(11π/6-θs) ( 3 /2) d18cos(11π/6-θs)

 

 
Fig. 4. 3D diagram of the torque evaluation of V1 with duty cycle. 

 
The evaluation functions of all vectors are listed in Table IV. 

On the assumption that the values of dn and θs are fixed, the 
relationships among the torque evaluation values and flux 
evaluation values of Vn(dn) can be summarized as follows: 
Corollary 1: The evaluation function values of the LVs are 
twice as high as those of the SVs in the same direction. For 
example, for V1 and V7, τ1(d1,θs)=2τ7(d7,θs) and λ1(d1,θs)= 
2λ7(d7,θs). 
Corollary 2: The evaluation function values of the MVs are 
equal to those of their adjacent LVs. For example, for V1 and 

V13, τ1(d1,θs)=2/ 3 τ13(d13,θs+π/6) and 

λ1(d1,θs)=2/ 3 λ13(d13,θs+π/6). 

Corollary 3: The relationships among the evaluation functions 
of the six LVs (SVs or MVs) can be derived as follows: 

τ1(d1,θs)=τn[dn, θs+(n−1)π/3] and λ1(d1,θs)=λn[dn, θs+(n-1)π/3], 

where n=2, 3,…, 6. 
Corollary 4: The relationship between τn and λn is τn(dn, 

θs)=λn(dn, θs+π/2). 
The formulas in Table IV suggest that τn and λn are 

determined by the duty cycle, dn, and stator flux angle, θs. For 
τ1 for example, the 3D diagram whose horizontal axis is d1 and 
vertical axis is θs is shown in Fig. 4. The solid lines on the 
bottom surface are the isograms connecting the points with the 
same value of τ1. 
2) Unified Torque/Flux Evaluation Table: An offline unified 
torque/flux evaluation table is required to simplify the 
calculation process and reflect the control effects of the 
voltage vectors directly. The procedure for constructing this 
table is as follows: first, the value of dn from 0 to 1 is equally 
divided into Nd pieces; thus, the basic vectors are expanded to 

18 basic vectors and 18(Nd−1) virtual vectors in their 
original directions. The α–β voltage complex plane is split 
into equal Nθ regions. Second, the average evaluation values 
of the vectors are calculated when the stator flux is located in 
different regions. The average torque evaluation value 

nτ  and flux evaluation value nλ  can be respectively 

calculated by  
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where ld and lθ denote the numbers of duty cycles and sectors, 
respectively; Nd is a natural number; and Nθ is a multiple value 
of 12. The parameters ld and lθ are defined as 
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Then,  d θ,nτ l l  and  d θ,nλ l l  can be expanded R times 

and rounded as 
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where round[] represents the rounding of the number to the 
nearest integer and R can be selected as 
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In Equ. (19), M is a natural number, and the selection of R can 

ensure that  d θ,n l l  and  d θ,n l l  are within the range of 

–M to M. 
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TABLE V 
TORQUE EVALUATION TABLE OF V1 WITH DUTY CYCLE 

 
 

TABLE VI 
TORQUE EVALUATION TABLE OF V7 WITH DUTY CYCLE 

 
 

TABLE VII 
TORQUE EVALUATION TABLE OF V13 WITH DUTY CYCLE 

 
 

On the basis of Equs. (12)-(18), the relationships between 
the change rates of torque/flux and 

 ,τ d θ,np l l /  , d θ,np l l can be expressed as  
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On the basis of Equs. (13)-(18), the control effects of the 
vectors on the torque and flux can be subdivided into 2M+1 
evaluation levels by averaging and discretization. For p1,τ for 
example, Fig. 4 can be simplified as Table V with M=10, Nd=5, 
and Nθ=12. The shade gradually changes from light to dark, 
indicating the gradual decline in p1,τ (ld, lθ). The same method 
can be used to obtain p7,τ (ld, lθ) and p13,τ (ld, lθ), as shown in 
Tables VI and VII, respectively. Vectors V1, V7, and V13 
represent LVs, SVs, and MVs, respectively. 

 Tables V, VI, and VII present the following relationships: 
first, according to Corollary 1, the evaluation values of V1 
are twice those of V7; thus, Table VI coincides with Table V 
if expanded twice. Second, according to Corollary 2, the 

evaluation values of V13 are equal to V1 when θs+π/6 and then 

the evaluation values are multiplied 2/ 3  times. Thus, Table 

VII coincides with Table V by moving the row headers three 

cells to the left and expanding the values 2/ 3  times.  

TABLE VIII 
UNIFIED TORQUE/FLUX EVALUATION TABLE (Nd=5, M=10, AND 

Nθ=12) 

 
 

Similarly, the torque/flux evaluation table of the 18 basic 

vectors and 18(Nd-1) virtual vectors coincide with Table V 

by translation and scaling. Subsequently, a unified 
torque/flux table similar to Table VIII can be obtained. This 
table includes the torque/flux evaluation values of the nine 
basic vectors and their corresponding virtual vectors. The 
remaining nine active vectors are located in the opposite 
directions of the vectors in Table VIII; thus, their evaluation 
values can be obtained by reversing the values in Table VIII. 
The shaded area in Table VIII corresponds to the evaluation 
values.  

On the assumption that the stator flux is located in region lθ, 
the values of all the vectors with different duty cycles can be 
obtained by looking up Table VIII. For example, V13(d13) can 
increase the flux modulus when the stator flux is located in 

region 2, and the flux evaluation value is 8×( 3 /2)=4 3  

when the duty cycle is 0.8 (ld=4). By contrast vector V16(d16) 
can reduce the flux modulus, which has an opposite direction 
compared with V13(d13). Therefore, its flux evaluation value is 

-8×( 3 /2)=-4/ 3  with the same duty cycle.  

3) Torque/Flux Reference Value Calculation: The torque and 
flux reference values can be calculated on the basis of their 
tracking errors. With Equ. (20) as basis, the torque and flux 
reference values can be expressed as follows:  
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where KT and KΨ are the control parameters of torque and flux, 
respectively, and KT, KΨ>0. Excessively high or 
inappropriately low KT and KΨ can lead to the control failure of 
torque and flux. The tuning methods for KT and KΨ are detailed 
in Section IV-B. 

The selection of the candidate vectors is as follows: first, the 
evaluation values of all the vectors with different duty cycles 
should be obtained by looking up Table VIII because their 
effects on torque and flux differ. Second, the values need to be 
substituted into the cost function f. 

       * *
T ,τ d θ ,τ d θ Ψ ,λ d θ ,λ d θ, , , ,n n n nf ε p l l p l l ε p l l p l l    , (22) 

where  *
,τ d θ,np l l  and  *

,λ d θ,np l l can be determined by 

Equ. (21) and εT and εΨ are the weight factors, which are 
non-negative dimensionless coefficients. The values of εT and 
εΨ decide the significance of torque and flux in the control 
process, respectively. For example, when the ratio of the 
weight factors εT:εΨ is 2:1, the significance of the torque 
control is twice that of the flux control. Both εT and εΨ are 
tuned on the basis of the actual control requirement. In this 
study, the ratio of weight the factors εT:εΨ is 1:1. 

The cost function should be calculated 18Nd times in each 
control period. The vectors that minimize f are selected as the 
candidate vectors, which are denoted by Vcand(dcand) { Vn1(d n1), 
V n2 (d n2), … }. The candidate vectors are not unique, thereby 
allowing for neutral-point potential control.  

B. Neutral-Point Control 

Multiple candidate vectors can be identified for torque and 
flux control, but these vectors have different effects on the 
neutral-point potential. The balance of the neutral-point 
potential and the optimal control of torque and flux can be 
realized simultaneously by selecting the vector that changes the 
neutral-point potential to zero. 

The situations of the candidate vectors can be divided into 
the following three categories according to the number of the 
candidate vectors: 
(1) One candidate vector. Obviously, this candidate vector will 
be selected as the output vector. In this situation, the 
neutral-point potential can be controlled if the optimum vector 
is an SV. The corresponding switching state of the SV that can 
balance the neutral-point potential will likewise be selected. 
However, the neutral-point potential cannot be controlled if the 
candidate vector is an LV or an MV. 
(2) Two candidate vectors. If an SV is included in the 
candidate vectors, then the SV will be selected as the output 
vector. If the two candidate vectors are an LV and an MV, then 
the MV should be selected as the output vector if it allows the 
neutral-point potential to change to zero; otherwise, the LV  

TABLE IX 
RATED PARAMETERS OF THE PMSM 

Parameter Symbol Unit Value

Number of pole pairs p — 8 

Permanent magnet flux ψf Wb 0.9031

Stator resistance Rs Ω 0.76 

d-Axis inductance Ld mH 13.0 

q-Axis inductance Lq mH 13.0 

Rated speed nN r/min 300 

Rated torque TN Nm 192 

Rated voltage UN V 380 

 

will be selected as the output vector. 
(3) Three or more candidate vectors. In this situation, the 
output vector should be selected in the following order: SV, 
MV that can change the neutral-point potential to zero, and LV.  

C. Smooth Vector Switching 

After the output vector Vout and its duty cycle dout have been 
determined, a PWM modulator is used for duty cycle 
generation and smooth vector switching by inserting V0, whose 
vector state is 111, at both the beginning and end of the output 
vector.  

When the motor operates in the steady state, several 
consecutive vectors with unity duty cycle cause large torque 
and flux ripples and a “high voltage jump” in a bridge arm. For 
this reason, the values of KT and KΨ should be selected 
appropriately to ensure that the duty cycle of the output vector 
is less than 1.0.  

 

IV. SIMULATION ANALYSIS 

The performance of the proposed method is analyzed using 
MATLAB/Simulink. The parameters of the PMSM are shown 
in Table IX. The torque and flux ripples are evaluated in terms 

of their standard deviations T and Ψ, respectively. These 
standard deviations are expressed as follows: 
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where n is the number of samples. 

A. Influences of M and Nd 

Fig. 5 shows the T, Ψ, and the deviation of the 

neutral-point potential (VO) of the proposed approach with 
M=3, 4, …, 10 and Nd=2, 3, …, 10. In the simulation, the speed 
reference is nr=150r/min, the load torque is TL=100Nm, and 
Nθ=12. As shown in Figs. 5(a)-(c), as M and Nd increase, the 
undesired torque and flux ripples and neutral-point potential 
deviation decrease. This outcome is attributed to the accuracy 
of the effects of the vectors on PMSM described by the 
evaluation table when M and Nd increase continually. 
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 (a) (b) (c) 
 

Fig. 5.  Simulation results of the proposed approach with different M and Nd values. (a) Standard deviation of torque, T. (b) Standard 
deviation of flux, Ψ. (c) Deviation of the neutral-point potential, VO. 
 

 
 (a) (b) (c) 
 

Fig. 6. Simulation results of the proposed approach with different KT and KΨ Values. (a) Standard deviation of torque, T. (b) Standard 
deviation of flux, Ψ. (c) Deviation of the neutral-point potential, VO. 

 
Furthermore, more SVs with different duty cycles can be 
selected to balance the neutral-point potential. However, the 
storage space occupied by the evaluation table in the digital 
controller increases with increasing M and Nd. Thus, the values 
of M and Nd should be set by considering both the storage 
space and the system performance. In the following simulation 
and experiments, M=10 and Nd=10.  

B. Influences of KT and KΨ 

On the basis of Equ. (21), the appropriate KT and KΨ are 
analyzed as follows: 

(1) If KT, KΨ→0, then *
,τnp  and *

,λnp  are greater than M or 

smaller than −M. In this situation, *
,τnp  and *

,λnp  are 

selected as their maximum or minimum values in the 
evaluation table. As a result, undesired torque and flux ripples 
occur in the steady state. Moreover, the deviation of the 
neutral-point potential becomes large because the SVs in the 
evaluation table are not selected.  

(2) If KT, KΨ→∞, then *
,τnp  and *

,λnp  are approximate to 

zero. In this situation, only the SVs are selected as the 
candidate vectors, and the feedback of torque and that of flux 

do not influence *
,τnp  and *

,λnp , respectively. As a result, 

tracking errors and large ripples of torque and flux are yielded. 
However, the neutral-point potential is nearly balanced.  
(3) If Te and |Ψs| track their references, ΔTe, Δ|Ψs|, and ΔVO 
oscillate in the vicinity of zero. The control parameters KT and 
KΨ are tuned as follows, with KT as an example. The maximum 
torque ripple is assumed to be δTTN in the steady state, where δT

＞0 and TN is the rated torque. When ΔTe=±δTTN, KT should 

ensure that *
,τnp -Re≈±M, then the proper value of KT is 

 
T

T
Nδ T

K
M

 . (24) 

In the same way, proper KΨ can be approximately set to  

 Ψ fδ ψ
K

M   (25) 

where Ψ fδ ψ  is the maximum flux ripple in the steady state. 

Fig. 6 shows the simulated T, Ψ, and VO values with 
different KT and KΨ values. In the simulation, M=10, Nd=10, 
nr=150r/min, TL=100Nm, and Nθ=12. As δT increases from 2% 
to 20% and δΨ increases from 1% to 12%, KT increases from 
0.38 to 3.84, and KΨ increases from 0.001 to 0.011. As shown 
in Fig. 6(a), an increase in KT results in an L-shaped 

relationship between T and KT, whereas an increase in KΨ 

cannot cause a significant variation in T. The same trend is 

observed for Ψ, as shown in Fig. 6(b). As shown in Fig. 6(c), 

an L-shaped relationship between VO and KT/KΨ is likewise 

observed. However, VO monotonically decreases as KT and 

KΨ increase. When KT and KΨ are tuned, the T and Ψ in the 
corner of the L-shaped surface of Fig. 6(a) can be selected, 
respectively. In this paper, KT=0.69 and KΨ=0.0028 (KT and KΨ 

are rounded to two significant figures). 

 

V. EXPERIMENTAL RESULTS 

The feasibility and effectiveness of the proposed algorithm 
are verified through experiments on the standard DTC [8] and  
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(c) 
 

Fig. 7. Experimental waveforms of the speed, torque, stator current, 
deviation of the neutral-point potential, and flux α–β components 
of (a) the standard DTC and (b) the proposed algorithm. (c) Stator 
phase voltage. 

TABLE X 
COMPARISON OF THE DYNAMIC EXPERIMENTAL RESULTS OF THE 

STANDARD DTC AND THE PROPOSED ALGORITHM 

Item Tsc (μs) 
Dynamic performance 

tT (ms) tV (ms) VO (V)

Standard DTC 80 3.8 160 10 

DTC with duty cycle 200 3.7 115 10 

 
the proposed algorithm are conducted. The parameters of the 
PMSM are listed in Table IX. The following experimental 

conditions are applied: |s|
*=0.9Wb, M=10, Nd=10, Nθ=12, 

KT=0.69, KΨ=0.0028, εT:εΨ=1:1. The flux and torque hysteresis 
bands of the standard DTC are set to 0.021ψf and 0.026TN in 
our experiments, respectively. Table II is used as the switching 
table. 

A. Dynamic Performance 

Fig. 7 shows the waveforms of the speed, electromagnetic 
torque, stator current, deviation of the neutral-point potential, 
and α–β components of the stator flux linkage of both methods 
when the speed reference, nr, is increased from 50r/min to 
150r/min and the load torque TL is 50Nm. A comparison of the 
results of the standard DTC and proposed algorithm in the 
dynamic experiments is presented in Table X. As shown, the 
torque response time of both methods are nearly equal, 
indicating that the proposed algorithm inherits the advantage of 
rapid dynamic torque response of the standard DTC. The 
deviations of the neutral-point potentials of both methods are 
equal, suggesting that the proposed method can also balance 
the neutral-point potential when the motor is dynamic. The 
speed response time, tv, of the proposed algorithm is 35ms 
shorter than that of the standard DTC. This result is because the 
torque of the algorithm is smooth and the motor is operating 
smoothly. 

The smooth vector switching of the proposed algorithm is 
likewise verified. Fig. 7(c) shows the experimental waveforms 
of the stator phase voltage. As shown, in the phase voltage uA, 
a switching function with a voltage level of 1 is inserted to 
prevent the voltage level from jumping from 0 to 2. The jump 
in the voltage level from 0 to 2 does not occur under the 
dynamic condition. The voltage level of the switching function 

changes as follows: 21, 12, 01, or 10. 

B. Steady-State Performance 

Fig. 8 shows the waveforms of the stator flux modulus, 
electromagnetic torque, deviation of the neutral-point potential, 
and stator current of the standard DTC and proposed algorithm 
in the steady state, with nr being 100r/min and TL being 100Nm. 
A comparison of the results of the standard DTC and the 
proposed algorithm is presented in Table XI. The control 
periods are 80μs and 200μs for the standard DTC and 
proposed algorithm, respectively, to ensure that the switching 
frequencies of both methods are approximately equal. As  
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TABLE XI 
COMPARISON OF THE RESULTS OF THE COMPARED METHODS IN THE STEADY-STATE EXPERIMENT 

Item Tsc (μs) fav (kHz) 

TL=100Nm and 
nr=100r/min 

TL=50Nm and  
nr=50r/min

TL=50Nm and  
nr=150r/min 

σT (Nm) σΨ (Wb) VO (V) σT (Nm) σΨ (Wb) VO (V) σT (Nm) σΨ (Wb) VO (V)

Standard DTC 80 2.23 21.06 0.018 5   5   5

DTC with duty cycle 200 1.98 6.63 0.024 5   4   6

 

 
 (a) (b) 

 

 

(c) 
 

Fig. 8. Experimental waveforms of the stator flux modulus, torque, 
deviation of the neutral-point potential, and stator current of (a) the 
proposed algorithm and (b) the standard DTC. (c) Stator phase 
voltage. 
 
shown in Table XI, the torque standard deviation σT of the 
proposed algorithm is remarkably reduced compared with 
that of the standard DTC. Thus, the torque control 
performance of the proposed algorithm is considerably better 
than that of the standard DTC. The proposed algorithm exerts 
the same control effects on the neutral-point potential as 
those of the standard DTC. Additionally, the deviations of the 
neutral-point potential are small. 

The smooth vector switching of the proposed algorithm is 
also verified in the steady state. Fig. 8(c) shows the 
experimental waveforms of the stator phase voltage. As shown 
in Fig. 8(c), the jump in the voltage level from 0 to 2 does not 
occur under the steady-state condition. The voltage level of the  

 

 (a) (b) (c) 
 

Fig. 9. Experimental waveforms of the stator flux modulus, torque, 
and deviation of the neutral-point potential with (a) M=10 and 
Nd=10; (b) M =7 and Nd=7; (c) M=5; Nd=5. 

 

switching function changes as follows: 21, 12, 01, or 

10. 

C. Influences of M and Nd 

Fig. 9 shows the waveforms of the stator flux modulus, 
electromagnetic torque, and deviation of the neutral-point 
potential of the proposed algorithm with different M and Nd 
values. The fluctuations in the torque, flux, and deviation of the 
neutral-point potential are reduced with increases in M and Nd. 
The experimental results are in accordance with the simulation 
results in Section IV-A. 

D. Influences of KT and KΨ 

Fig. 10 shows the waveforms of the stator flux modulus, 
electromagnetic torque, and deviation of the neutral-point 
potential of the proposed algorithm with different KT and KΨ 
values. The torque and flux ripples increase when the KT and 
KΨ are inappropriately selected. 

However, the control of the neutral-point potential improves 
with relatively large KT and KΨ. The experimental results are in 
accordance with the simulation results in Section IV-B. 

E. Influence of εT:εΨ 

Fig. 11 shows a tradeoff exists between torque control and  
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 (a) (b) (c) 
 

Fig. 10. Experimental waveforms of the stator flux modulus, 
torque, and deviation of the neutral-point with (a) KT=0.62 and 
KΨ=0.0025; (b) KT=0.69 and KΨ=0.0028;  (c) KT=0.75 and 
KΨ=0.0030. 
 

 
 (a) (b) (c) 
 

Fig. 11. Experimental waveforms of the stator flux modulus and 
torque with (a) εT:εΨ=1:1; (b) εT:εΨ=2:1; (c) εT:εΨ=1:2. 

 
flux control. The control effects of the output vector on the 
torque and flux can be enhanced by increasing the values of εT 
and εΨ, respectively. 
 

VI. CONCLUSIONS 

In this paper, a novel duty-cycle modulation-based DTC 
algorithm has been proposed for 3L-NPC-fed PMSM drives. 
The experimental results indicate that the proposed algorithm 
inherits the rapid dynamic torque response of the standard DTC 
algorithm. Furthermore, the torque ripples in the steady state 
are reduced effectively, and both neutral-point potential 
balance and smooth vector switching are ensured. The 
outstanding characteristics of the proposed algorithm are 
summarized as follows: 
1) The unified torque/flux evaluation table with multiple 

voltage vectors and precise control levels is an effective 
extension of the standard DTC switching table of a 
3L-NPC. It contains 18 basic voltage vectors and 

18(Nd-1) virtual voltage vectors with fixed direction 

and amplitude. These vectors are synthesized using the 
PWM principle. The effects of all of these vectors on 
torque and flux are divided into 2M+1 levels, and these 
effects are independent of the parameters of the motor. 
Therefore, the unified torque/flux evaluation table is 
universal for the DTC of different power levels. The 
values in the table represent the torque and flux change 

rates caused by the 18Nd vectors.  
2) The candidate vectors are selected on the basis of the cost 

function. The cost function is used to evaluate the effects 

of the 18Nd voltage vectors on the torque and flux. The 
candidate vectors that minimize the cost function are 
selected. Several candidate vectors with the same cost 
function value can be selected on the basis of the 
operating conditions. Therefore, the effects of these 
vectors on the torque and flux of the motor are the same.  

3) The mechanism for the neutral-point potential balance is 
established. A vector is selected from the candidate 
vectors to control the motor depending on the demand to 
increase or decrease the neutral-point potential. Thus, the 
selected vector not only allows for torque and flux 
control but also neutral-point potential balance. 
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