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In most industrial high-power applications, the brushless DC (BLDC) motor is
connected to multi-level inverters specially the three-level NPC inverters (B12).
Torque ripple is a critical issue in BLDC motor drives. Accordingly, minimiz-
ing the ripple produced in the torque is necessary to enhance the BLDC mo-
tor drive performances. This paper aims to develop two direct torque control
(DTC) schemes. To evaluate the proposed strategies performances, three DTC
schemes, namely DTC- 1, DTC- 2, and DTC-3, are treated. The DTC-1 scheme
is inspired from the Takahashi’s strategy proposed in induction motor drives.
This scheme is penalized by the high torque dips. In view of that, the DTC-2 is
proposed to address the DTC-1 limitations. Simulation evaluation proves that
difference between the slopes of the incoming and outgoing phases currents pro-
creates commutation torque dips penalizing the DTC-2 scheme. This difference
is more serious at high speed. To overcome the DTC-2 strategy drawbacks, a
DTC-3 scheme, based on the compensation of this difference, is proposed. Tak-
ing into account the increase of this difference with the increase of the rotation
speed, the vector selection table design of this strategy is synthesized to mini-
mize the torque ripple as far as possible.

1 Introduction

fects the industrial applications needing high perfor-
mance [I5]-[L6]. It leads to a deteriorating efficiency

The use of three-level NPC (B12) inverter in high-
power applications increases due to their perfor-
mances [1]- [2]. Indeed, compared to the two-level in-
verter, the B12 inverter offers the low output current
distortion and operates with reduced dv/dt stress [3]]-
[4]-[5]-[6].

Due to its numerous advantages as its simple
structure, low noise, good stability and high efficiency
[Z]-[8]-[9], BLDC motor is extensively used in numer-
ous industrial applications. Conversely, the torque
ripple is a critical issue in BLDC motor drives [10]-
[11]-[12]]. Accordingly, minimizing the ripple pro-
duced in the torque is necessary to enhance the per-
formances of BLDC motor drive system [[13]-[14].

The present paper proposes two DTC strategies
dedicated to the BLDC motor fed by three-level (B12)
inverter. It has been found that commutation torque
ripple is a main problem penalizing the first pro-
posed strategy. This commutation phenomenon af-

of the BLCD motor. Hence, the second proposed strat-
egy aims to address these drawbacks.
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Figure 1: B12 inverter with BLDC motor connected.
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2 Analysis of the BLDC motor
operation

The B12 inverter is connected with BLDC motor as il-
lustrated in Figure[l|

The rectangularly shaped currents(i,, i, i.) fed
BLDC motor are synchronized with the trapezoidal
back-EMFs(e,, ey, e.) to accomplish a constant torque

Intermediate voltage vectors (U; to Ug) and six Full
Voltage Vectors (U to Uy,).

Tables[l] and [2] provide the switch state combina-
tions.

Table 1: Active voltage vectors under the two-phase
conduction mode.

with reduced dips as shown in Figure[2] (S, Sp S.) v, \f Vectors
6 2 smilé 7 32 I 2n ’ Half Voltage Vectors
e 1
1100 0000 0000 —V, 0 \%
2 i ( ) \/g dc 1
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B 0000 0000 0011) | —=V,. | —=U v
é . ( ) 4 dc \/g c 2
=}
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] 0000 0011 0000 —V, -—=U, V
g _ ( ) \/ﬁ dc \/g c 6
E A ’ Intermediate Voltage Vectors
P s (1100 0000 0011) | \[3Vie | Lvi | W
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Figure 2: Back-EMFs, phase currents and the corre- V2
ding Hall-effect signals of BLDC motor .
sponding Hall-etfect signals o motor (0011 1100 0000) _\/%Vdc \/Lngc Vy
The BLDC t tat 1t y Vi,
. e ; motor stator voltages (v,, v;, Vv.) are (0011 0000 0011) _\/Evdc _Lvdc Vig
given by: 8 NG
(0000 0011 1100) 0 Ly | v,
_ R diy | o . V2
v, = Rig+H(L-M) S} + ey
: 1100 0011 0000 \/EV Ly 1%
vp= Rip+H(L-M)Zie,; (1) ( ) glde | g 12

ve= Rig+(L-M)%ete,.
Where:

* Resistance: R (Q),

* Self inductance: L(H),

* Mutual inductance: M(H).

The produced torque T,,, is given as:

T, = iy + egb + e i, 2
Where Q) represents the angular speed.

Under two-phase conduction mode, the B12 in-
verter engenders six Half voltage vectors (V; to V)
and six Intermediate Voltage Vectors (V7 to V1,).

Under three-phase conduction mode, the B12 in-
verter generates three null vectors (Uy; to Upsz), six
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Figure 3: DTC scheme of the B12 inverter with BLDC
motor connected.
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3 Control strategies

3.1 DTC-1 strategy

The DTC-1 scheme is inspired from the one proposed
by Takahashi in [[17]). This strategy allows a direct con-
trol of the BLDC motor torque.

The DTC-1 scheme block diagram is illustrated in
Figure[3] This diagram includes an hysteresis torque
estimator which generates two outputs used to de-
termine the vector selection table(c, = +1:torque in-
crease, c; = —1:torque decrease).

The switching table of this strategy is summarized
in Table[3l

Table 2: Active voltage vectors under the three-phase
conduction mode.

Table 3: The DTC-1 strategy vector selection table.

Cr

+1

-1

Sector I

Vg (0000 1100 0011)

V,; (000000111100)

Sector 11

V, (001111000000)

V1, (110000110000)

Sector III

V1, (001100000011)

V, (110000000011)

Sector IV

V,; (000000111100)

Vg (0000 1100 0011)

Sector V

V,, (110000110000)

V4 (001111000000)

Sector VI

V, (110000000011)

V1o (001100000011)

(Sz Sy Se¢) V, Vg Vectors

’ Intermediate Voltage Vectors

(1100 0010 0011) \/%Vdc S5 Ve U,
(0100 1100 0011) 0 %Vdc U,
(0011 1100 0010) —\/%Vdc \/Lgvdc U,
(0011 0100 0011) —\/%vdc —%th U,
(0010 0011 1100) 0 —%Vdc Us
(1100 0011 0100) \/%Vdc U6

’ Full Voltage Vectors

(1100 0011 0011) 2Vac 0 U,
(1100 1100 0011) %Vdc %Vdc Us
(0011 1100 0011) —%Vdc %Vdc Us
(0011 1100 1100) | — /% Ve 0 Uo
(0011 0011 1100) —%Vdc —%Vdc Uy,
(1100 0011 1100) %Vdc —%Vdc Uy,

3.2 DTC-2 strategy

It has been found that DTC-1 scheme is penalized by
the high torque dips. In view of that, the DTC-2 is
proposed to address the DTC-1 limitations. The con-
trol scheme of this strategy is similar to the one used
in the DTC-1. The only difference is the control rules
considered in the vector selection table.
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Figure 4: The current flowing during sector I in the
case of a torque decrease under Legend (a): the DTC-
1 scheme, (b): the proposed DTC-2 scheme.

Let’s consider sector I, the vector selection table
design of this scheme is synthesized as follows:

* To increase the torque, the DTC-2 scheme con-
siders the same vectors applied in DTC-1,

¢ the vector V, achieves the torque decrease. As
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illustrated in Figure. EIKb), the vector V, is de-
fined by a freewheeling phase involving the two
IGBTs S35 and S34 and the diodes D3 and Dyy.
Compared to DTC-2, the DTC-1 scheme consid-
ers the vector Vg which characterized by a re-
generative phase. During this phase, the cur-
rents i, and i, are forced to flow through the
supply source Vdc and the diodes (D,3, D4, D3y
and D3;) as shown in Figure. [4(a) . The currents
slope observed under this phase has an absolute
value higher than the one obtained under the
freewheeling phase.

Consequently, the resulting DTC-2 strategy vector
selection table is given in Table[dl

Table 4: The DTC-2 strategy vector selection table.

Cr +1 -1
Sector I | Vg(000011000011) | V,(000000000011)
Sector IT | V¢(001111000000) | V3(000011000000)
Sector III | V{4(001100000011) | V4(001100000000)
Sector IV | V4;(000000111100) | V5(000000001100)
Sector V. | V;,(110000110000) | V(000000110000)
Sector VI | V;(110000000011) | V;(110000000000)

3.3 DTC-3 strategy

It has been found that DTC-2 scheme is penalized
by the commutation torque ripple. As illustrated
in Figure[5{a), the difference between the slopes of
the incoming and outgoing phases currents generates
commutation torque dips. In view of that, there is a
necessity to make equal the rising time and the falling
one of the phase currents as illustrated in Figure[5[b).

A A

Torque Torque

di/dt di./dt
<+
di./dt di./dt

(a) (b)

Figure 5: The behavior of the torque during commu-
tation Legend (a): unequal slopes of the incoming and
outgoing phases currents, (b): equal slopes of the in-
coming and outgoing phases currents.
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The stator voltage equations of the BLDC motor
are described by the equation (I). Neglecting the mu-
tual inductance, v,, v;, and v, are given by the follow-
ing system :

v, e, = RiﬁL% ;
—e, = Riy+ L%, 3
Vp—ep = R1h+ L i ( )

ve—e = Rig+L%e.

The Laplace Transform method can be used to
solve this linear differential equations. Therefore the
relation between the phase voltage and the phase cur-
rent is dealt with using this method, and then the
transfer function is similarly written as:

vip)—elp) _ 1
i(p)

(4)
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Figure 6: Approximated curve of the frequency re-
sponse (bode-plot) of the BLDC motor.

Figurd6| shows the approximated curve of the fre-
quency response (bode-plot) based on equation (4).
The plot displays the magnitude (in dB) and the phase
(in degrees) of the system response as a function of
frequency. Referring to this figure, the phase de-
lay angle increases with the increase of the rotation
speed. Moreover, this delay is more important at high
speed. Consequently, the commutation torque dips is
very serious at high speed.

To address the DTC-2 limitations, the third DTC
scheme, noted DTC-3, is proposed . This strategy
is based on the employ of a three-level torque con-
troller. This controller generates 3 outputs as shown

in Figure[7]:
* -1 corresponding to the torque decrease,

* +1 corresponding to the torque increase,

* +2 is activated when the torque drops during
commutations from sector-to-sector .
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Figure 7: The three-level-torque controller character- (a)

1stics
Let’s consider sector I, the vector selection table EREy | = D“{PFS“ Dn
design of this scheme is synthesized as follows:

* ¢,=+1 and c,=-1 are achieved by the same vec- Js
tors used in DTC-2 scheme. i?”{&"'s" D"{‘(\/"'S"% P
* The suppression of the commutation torque iv - b
dips (c,=+2) is achieved by the application of —e
the vectors corresponding to the three-phase Dss }_SSJT s 3. 3
conduction mode. To equalize |di,/dt| and E
|di./dt| ,at the beginning of sector II, in the {5

case of a reference speed Q" < Qy;,,is, the cur- Dugy Jpsu [P

rent i, is forced to flow through the IGBT Ss3,

. Vie
the clamped diode and the supply source —§¢

instead of the uncontrollable diodes (D3; and (b)
Dj;) as shown in Figures. [8[b) and[8|c). For a {P
D31 }-531 D21

|-524 D14,

reference speed (O > Qy;p,i;, the current i, is
forced to flow through the IGBTs (S35 , S34)

and the supply source V. instead of the un- : Js Ej
Sa2 D2
b

controllable diodes (D3; and Dj;) as shown in Fs=& D2

Figures. [8(b) and [8d). o
Consequently,the resulting vector selection is given in SR

Table[7l Dn{?}swl[i D Fs=B& |ps

4 Evaluation of the proposed DTC
schemes effectiveness and per- Dugs Jpsu [P
formances

I-Su D14

Simulation work has been accomplished to highlight
the proposed strategies performances. Tables[5|and [6]
gives the BLDC motor parameters and ratings.

Table 5: The ratings of BLDC motor

Current = 30A DC voltage = 24V
Rated torque = 2.5Nm || PM flux-linkage = 14mWb
Power = 600W Rated speed = 2500rpm

Table 6: BLDC motor parameters

R=020Q || p=3 (d)

L=0.3mH || J=4.1gm? Figure 8: Current flowing during : Legend (a): sector
I, (b): commutation under DTC-2 scheme, (c): com-
mutation under DTC-3 scheme(Q* < Qy;,,i;) and (d):
commutation under DTC-3 scheme (Q* > Q;ni¢)-

R =0.2Q f = 0.5mN.m.s
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Table 7: The vector selection table of the DTC-3 strategy.

Cr +1 -1 Cr : 2 +
Q" < Qyimir Q"> Qyimis
Sector | V(000011000011) | V,(000000000011) | Sector VI — Sector I | U,(010011000011) | Ug(110011000011)
Sector II | Vg(001111000000) | V3(000011000000) | Sector I — Sector II | Us(001111000010) | Ug(001111000011)
Sector III | V1((001100000011) | V4(001100000000) | Sector II — Sector IIT | Uy(001101000011) | U;(001111001100)
Sector IV | V171(000000111100) | V5(000000001100) | Sector III — Sector IV | U5(001000111100) | U;;(001100111100)
Sector V. | V;,(110000110000) | V4(000000110000) | Sector IV — Sector V. | Ug(110000110100) | U;,(110000111100)
Sector VI | V,(110000000011) | V,(110000000000) | Sector V — Sector VI | U;(110000100011) | U5(110000110011)
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Figure 9: Simulated steady-state variables provided by the classic DTC-1 scheme at (2 = +100rad/s (subscript ”1”)
and () = +150rad/s (subscript ”2”). Legend (a): sector succession, (b): stator currents, (c): control signal ¢, and (d):
electromagnetic torque.
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Figure 10: Simulated s(tea)dy-state variables offered by the DTC-2(subscript ”1”) anél t)he proposed DTC-3
succession, (b): stator currents, (c): control signal

(subscript ”2”) schemes at (2 = +100rad/s.
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Figure 11: Simulated steegd)z—state variables offered by the DTC-2 scheme (subscript "1”)an(d 15TC—3 (subscript ”2”)
strategies for a speed (2 =+ 100rad/s. Legend (a): commutation from sector IV to sector V, (b): the stator currents
zoom , and (c): the electromagnetic torque zoom.
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Figure 12: Simulated steady-state variables yielded by the DTC-2 (subscript ”1”) and the proposed DTC-3 strategies
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(c): the electromagnetic torque zoom .
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Figure 14: Simulated transient-state variables offered by the DTC-2(subscript ”1”) and the proposed DTC-3 schemes.
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Figure 15: Simulated transient-state variables offered by the DTC-2 strategy (subscript 1) and the proposed DTC-3
one.Legend (a): commutations from sector V to sector VI, (b): the stator currents zoom , and (c): the electromagnetic
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Moreover, simulation conditions characterizing
the simulation study are listed below:

* a sampling period T;=55ps,

* a proportional gain K, =1,

* an integral gain K; = 0.5,

* aload torque = I1Nm,

* alimit speed Qy;,,;; = 110rad/s

* the hysteresis bounds are: ¢, = £0.0012Nm and
&rp =+0.0036.

To analyze the effectiveness of the proposed DTC-
2 and DTC-3 strategies, this section deals with a
simulation-based comparison between these strate-
gies. By using MATLAB/SIMULINK, the proposed
strategies are implemented. The obtained simulations

results are illustrated in Figures.

4.1 Performance of the proposed strate-
gies during sequence operation:

Figures[9) [L0] and [12] show the waveforms of the cur-
rent, the torque controller output ¢, and the torque
waveforms at steady-state operation.

By comparing Figures[9(d), [10[d) and [12(d), one
clearly notice that the DTC-1 scheme leads to an im-
portant torque dips thanks to the application of the
Intermediate active voltage vectors. Both DTC-3 and
DTC-2 strategies lead to a low torque dips during se-
quence operation thanks to the application of the Half
active voltage vectors.

During sequence operation, both DTC-2 and DTC-
3 schemes present almost the same torque waveforms.
This is expected thanks to the application of the the
same vectors. The difference concerns the torque de-
crease during commutations from sector to sector .

4.2 Performance of the proposed strate-
gies during commutations from
sector-to-sector :

To evaluate the proposed DTC schemes effectiveness
during commutations from sector-to-sector , Figures.
and [13|give a zoom of the electromagnetic torque
and the stator currents at steady-state operation. Fig-
urell 6 illustrates the steady-state waveforms of the
switching states S3q, S35, S33 and S34 with the sector
succession.

As shown in Figures. [11[b1) and [13|b1), during
the commutation from sector IV to sector V, the un-
balancing between the current rising time and the cur-
rent falling time affected the electromagnetic torque
waveform. As a result of this, the DTC-2 strategy is
penalized by a high torque dips. The comparison of
Figures[10fc1) and[12|c1) confirms that commutation
torque dips is more serious and more strong at high
speed.

www.astesj.com

Compared to DTC-2, this commutation phe-
nomenon is resolved for the DTC-3 strategy. There-
fore, during the commutation from sector IV to sector
V and in the case of the reference speed (Q* = 150rad/s
(Q* > Qi) the current i, is forced to flow through
the IGBTS (S31, S3, ) and the supply source V. in-
stead of the freewheeling diodes (D33 and Ds3y4) as
shown in Figuresbl), (b2), (b3) and (b4). How-
ever, from the analysis of Figuresal ), (a2), (a3) and
(a4) in the case of a reference speed QQ* = 100rad/s
(Q* < Qyjpmir), it can be clearly noticed that the current
i, is forced to flow through the IGBT Sj,, the clamped

diode and the supply source % instead of the free-
wheeling diodes (D33 and D3,4). Consequently, |di,/d¢|
and |di./dt| are equal for both reference speeds which
results a high dynamic of the torque without commu-
tation ripple. These benefits are confirmed in Figures.
[11]a2),[11}a3),[13[b2) and [13|b3).

The performance of DTC strategies under a
transient-state is presented in Figures[T4]and Ac-
cordingly, compared to DTC-2 and DTC-1 schemes,
one can evidently affirm that the developed DTC-3
scheme leads to the lower commutation torque dips
for both transient and steady-state operations.

5 Conclusion

BLDC motor is integrated in various applications due
to its different advantages. However, the BLDC motor
drive has the drawback of high torque ripple which
affects the performance of this system. Thus, torque
ripple minimization is a crucial necessity. This pa-
per has been focused on the development of two DTC
schemes dedicated to BLDC motor drives. Simula-
tion work has been accomplished to highlight the de-
veloped schemes effectiveness and performances. It
has been found that the developed DTC-3 scheme has
guaranteed the less distortion in the line currents and
less commutation torque dips. This developed strat-
egy has been based on the compensation of the differ-
ence between the slopes of the incoming and outgoing
phases currents.
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