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Abstract

In order to decrease the parameter sensitivity of deadbeat direct torque control (DB-DTC), an improved deadbeat direct torque
control method for surface mounted permanent-magnet synchronous motor (SPMSM) drives is proposed. First, the track errors of
the stator flux and torque that are caused by model parameter mismatch are analyzed. Then a sliding mode observer is designed,

which is able to predict the d-q axis currents of the next control period for one-step delay compensation, and to simultaneously
estimate the model parameter disturbance. The estimated disturbance of this observer is used to estimate the stator resistance oftline.
Then the estimated resistance is required to update the designed sliding-mode observer, which can be used to estimate the inductance
and permanent-magnetic flux linkage online. In addition, the flux and torque estimation of the next control period, which is
unaffected by the model parameter disturbance, is achieved by using predictive d-q axis currents and estimated parameters. Hence, a
low parameter sensitivity DB-DTC method is developed. Simulation and experimental results show the validity of the proposed

direct control method.
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I. INTRODUCTION

In a PMSM drive system, the important consideration that
influences the control performance of the drive system is a fast
dynamic torque response. Therefore, direct torque control
(DTC) is widely applied in machine control systems to
improve the torque control capability. In the classic DTC
method, the voltage vector applied in the motor is directly
selected from a predefined offline state table. It has the
advantages of a fast dynamic response and a simple control
structure. However, the disadvantage of a large torque ripple
and a variable switching frequency cannot be ignored [1]-[3].

As a possible alternative control strategy, deadbeat direct
torque control (DB-DTC) is attracting widespread interest. The
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DB-DTC method that has a fast dynamic performance and low
torque and flux ripples. In addition, it can obtain a desired
response in one switching period with a constant switching
frequency. The DB-DTC method has been applied for different
drive systems, such as permanent-magnet synchronous
machine (PMSM) control systems [4]-[6], induction machine
control systems [7]-[9] and synchronous reluctance machines
drives [10]. However, the deadbeat direct torque control is
dependent on an accurate motor model, which means that a
model parameter mismatch would make the calculated voltage
references deviate from their expected values. Furthermore, the
control performance of the DB-DTC method is related to stator
flux and torque estimations [11]-[14], which are used as
feedback values of the closed loop control. It should be noted
that stator flux and torque estimations are also obtained
according to the machine model. Therefore, parameter
variations have great effect on the control performance of
DB-DTC systems [15], [16]. Parameter estimation is very
necessary to achieve accurate control of the stator flux and
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Fig.1. Control diagram of the conventional DB-DTC method.

torque in DB-DTC. Most of the reported methods for
parameter estimation are targeted to field-oriented control
drives, such as the injection-based method [17], [18], the model
reference adaptive system based method [19], [20] and
extended Kalman filters [21], [22].

However, many methods have been published recently for
solving the parameter variation problems in DB-DTC [23]-[25].
In [23], two kinds of parameter estimation methods, i.e., a flux
observer-based model reference adaptive system and a
pulsating flux injection-based method, are developed and
integrated on a deadbeat direct torque and flux control system.
Experimental results show the validity of both methods. In [24],
in order to compensate variations of the motor parameters, a
predictive control method with a parallel integral loop is
investigated. To obtain an accurate stator flux and torque
estimation under the condition of model parameter variations,
an inductance estimation method based on high-frequency
injection is presented in [25] for the application of deadbeat
direct torque and flux control. Moreover, the stator resistance
and permanent-magnet flux linkage are estimated based on the
recursive least squares method. In this method, the estimated
parameters are used for designing the stator flux linkage and
torque observer, which improve the performance of the
torque/flux estimation and system control. The aforementioned
estimation methods are able to provide precise values for the
parameter estimation and to reduce control sensitivity to
parameter variations. However, it is difficult to use these
methods to simultaneously estimate the model parameters and
predict the stator currents used for the delay compensation in
the digital control due to a lack of model predictive capability.

In this paper, an improved deadbeat direct torque control
method for SPMSM drives is proposed. First, the track errors
of the stator flux and torque that are caused by model
parameter variations are analyzed. Then an observer that can
predict the d-q axis currents of the next control period, which
are used for one-step delay compensation and to
simultaneously estimate the model parameter disturbance
caused by parameter variations, is designed. The estimated
parameter disturbances are used for estimating the stator
offline. Then the
permanent-magnetic flux linkage are estimated online based on
a resistance-updated observer and a designed sliding-mode

resistance inductance and

adaptive law, respectively. In addition, based on the predictive

d-q axis currents and estimated parameters, the flux and torque
estimation of the next control period that is unaffected by
model parameter disturbances is achieved. They are then used
as the feedback of the system. Hence, a law parameter
sensitivity DB-DTC method is developed. Finally, simulation
and experimental results show the validity of the proposed
direct control method.

II. SPMSM MODEL
The model of the SPMSM is given as:
dy,
! )

Yy

u, =Ri,—oy, +

u,=Ri, +oy,+

The flux linkage equations are expressed as follows:

{l//d =Li, +y, @)
v, =Li,
The electromagnetic torque equation is:

I, =15py i, 3

In this model, u4 and u, are the d-axis and g-axis stator
voltages, i3 and i, are the d-axis and g-axis stator currents, y4
and w, are the d-axis and g-axis flux linkage, L4=L,=L
represents the inductance, R represents the resistance, and w;
and o are the permanent magnet flux linkage and angular
velocity, respectively.

III. DEADBEAT DIRECT TORQUE CONTROL

A control diagram of the PMSM deadbeat direct torque
control is illustrated in Fig. 1. The voltage vectors (4 and ug)
are calculated based on the DB-DTC algorithm, which is
introduced in session A. Then this voltage vector is converted
to switching signals through SVPWM. The delay
compensation part is used to compensate the one-step control
delay in the digital control. The torque reference command
can be obtained from the output of the speed PI controller,
and the reference command of the stator flux is computed by
the MTPA algorithm based on the torque reference value, i.e.,

1//:=\/z//i+[L7";/(1.5py/f)}2 . Details of the conventional

deadbeat direct torque control system are introduced in the
following section.

A. Deadbeat Direct Torque Control Algorithm

According to voltage equation (1) and flux linkage
equation (2), the following discrete expression can be
obtained:

wd<k+1)=Tsudac)+z/fd<k>+7;w(k>wq<k)—%wd(k)—w,]

) =Tt ()4, (0~ b, (6~ ()

where T is a sampling period. Next, substituting the ¢ axis

“4)
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flux (2) into (3) yields:
3 4
T ==py, -2+ 5)
e zp‘//j L
Taking the time derivative of the torque, the following
discrete expression can be obtained:
3 vy
1;(k+1)—z;(k)=5p7[y/q(k+1)—¢/q(k)] (6)
Then according to (4) and (6), the relation between the

torque and the q axis voltage can be shown in (7).

u, (K)T, = B ™

TRy, (k)
L

where 5= 25 (7,41~ T,(6))+ Tk, (k)

PY
In addition, based on (4), the relation of the stator flux and
the stator voltage can be obtained:

W2+ D)=y (k4 D+ (k+1)

— [Ty (k) + 7y (k) + Tk, (k) — T"LR W) -v,)F
[T, () + 7, (k) ~ Tk, (k) - TZR v, (OF
®)

In deadbeat direct torque control, to implement satisfactory
torque and stator flux performance in the next control period,
the torque and stator flux of the next control period,

ie, T (k+1)andy (k+1), need to be selected as reference

commands. This means that 7 =T (k+1) and

w. =y (k+1). Then from (7) and (8), the stator voltage of

the motor that allows the actual torque and stator flux to
reach their reference values after a modulation period can be
obtained as follows [3][6]:

X XX,
u, (k) =———""—

T, )

B
uq (k) = Fb
where:

TR
Xy =, () + Totkw, () ===, () -y, |

X, =B 4 2By, ()~ Loy, () - =, ()

2 p2
LR LR W)+ v b

L2
2T.R

1+ TP’ (k) -

T.R
WL

- v, (1=,

T.R
VY 20,0+ 2T 0k () -

TRy (k
B=3L[7;*—Te(k)]+%q()

)24,

+ Tk, (k).

B. One-step Delay Compensation

In real applications, the computed voltage vector in the
present period is applied until the next period. Therefore, the
one-step control delay exists between the applied voltage
vector and the computed voltage vector. This delay, which is
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caused by digital implementation, can deteriorate the
performance of the PMSM system if it is not considered in
the design of the controller. The negative impact of the
one-step delay is especially serious when the sampling
frequency is low. Therefore, in order to improve the control
performance, one-step delay compensation is necessary. In
this paper, the predictive currents at the (k+1)th instant can be
obtained based on the Euler-forward discretization method,
which is expressed as:

i,(k+1)=i,(k)+ %(ud (k) — Ry, (k) + oL i, (k))

i,(k+1) =i, (k)+ %(uq(k) ~ R, (k) oLy, (k) - oy, )
(10)

Then the sampled currents can be replaced by predictive
currents ig(k+1) and iy(k+1) to compensate the one-step
control delay. Therefore, the torque and stator flux observer,
which is based on the electromagnetic torque (3) and stator
flux (2), can be designed to implement the torque and stator
flux estimation at the (k+1)th instant by the following
expression:

{y/d(k+1)=Lid(k+l)+z//f an
w, (k+1)=Li (k+1)
z;(k+1)=%py,iq(k+1) (12)

IV. PARAMETER SENSITIVITY ANALYSIS OF THE
DEADBEAT DIRECT TORQUE CONTROL

The deadbeat direct torque control is a model-based
control method because three machine parameters (stator
inductance, stator resistance and permanent magnetic flux
linkage) are included in (9), which means this control method
is parameter sensitive. In addition, the stator flux and torque
estimation needs a precise stator inductance and permanent
magnetic flux linkage. In other words, the accuracy of the
machine model directly influences the control performance of
the whole system. In order to evaluate how sensitive the
deadbeat direct torque control is to parameter variations, a
parameter sensitivity analysis is discussed in this section.

In a practical control system, a deadbeat direct torque
controller calculates the voltage vector in the current control
period based on (9). This means that the actual torque and
stator flux of the PMSM can reach the reference values of the
torque and stator flux after a modulation period without the
dc bus limitation. However, it should be noted that equation
(9) of the deadbeat direct torque control includes motor

parameters (R, L and ¥ /), which are crude estimations of

the true values. These crude estimation values can be initially
obtained by prior knowledge. Next, the calculated voltage
vector based on (9) should be applied to the real PMSM
system by SVPWM. Then the torque response and stator flux
response can be observed. This process is described in (13),
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where Ry, Ly and wp are the true parameter values, and
Vo) and  wu(k) can  be

V/do(k) = Ldoid (k) + Veos '//qo(k) qu q(k)

expressed  as
Vo 1) = Tty () + g0 (k) + o () — L’:O[wdo<k) Vil

W0k +1) =T, (k) + (k) = Tk (k) — Tf:)

0]

(13)
Thus, substituting (9) into (13), the following equations can
be obtained:

v,k +1) =y, (k +1)+(TAR— AL)i, (k)
~ALT.@,(k)i,(k)~ Ay,
w,(k+1) =y/;(k+l)+(TSAR—AL)iq(k)
~ALT.@,(k)i, (k) + T.Ay o, (k)
AR=R-R , AL=L-L, and Ay, =y,-y,
represent the parameter errors between the true values and
their crude estimations. According to (5) and (15), the

relation between the torque reference and its response can be
described as:

(14)

(15)

where

mkﬂ):‘” L rgan+ fp"’z AV ART — ALY (k)
f
3y, Ay, 3 y, Ay,
2 PP LT (0, (45 o Ay Tk
P AL L, (k)i (k) AL v, Ta,k)

(16)
From (14), (15) and (16), it can be seen that the existence of
the parameter variation or error influences the track
performance of the torque and stator flux.

In addition, it should be noted that the one-step delay needs
to be compensated based on (10), (11) and (12) in real
applications. Therefore, the voltage output (9) of DB-DTC
has a different form.

" +1 __X1I+VX1IZ_X£
uy(k+l)=——m"—"—
T, (17)

, B
(k="

where:

B'=

TR k+1
2L SV T '”"L( ) Totow, (k+1)

(70 -T.(k+D]+
3py,

=y, (k+D)+Ta(ky,

[wd(kﬂ) v, ]

TR

Xy =B + 2By, (k+1) - Lok, (k+1)- (k+1)]

2T.R T’R®
H1+ T 0’ (k) - ; Sl

e (k+ D+ (k+1)]

TR

L
_2IR

gl LR = 2, (ke ) + 2T, (k+ 1)

(k+1)]= ;)"
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The variables wy(k+1), wy(k+1) and T (k+1) in (17) are
obtained based on the one-step compensation equations (10),
(11) and (12). Similarly, substituting (17) into (13), the
following equations can be obtained:

w,(k+2)=y,(k+2)+(T.AR—AL)i,(k +1)
-ALTo,(k)i,(k+1)— Ay,
v, (k+2)=y (k+2)+(TAR-AL)i (k+1)
—-ALT o, (k)i,(k+1)+ T Ay ., (k)
In (18) and (19), both of the compensated currents, i.e.,
ig(k+1) and i (k+1), are not accurate current values of the next

(18)

(19)

control period due to the existence of parameter disturbances,

which can be expressed using accurate values of the currents
and parameter disturbances, as shown as (20).

i (k+1)=i,(k)+—= (ud(k) R, (k) + alLyi (k)
=id0(k+1)+TYﬁi' 20)
iq(k+1)=iq(k)+%(uq(k)—Rsiq(k)—a)Ldid(k)—a)l//f)
=iq0(k+1)+Tsfq’

where igo(k+1) and ig(k+1) represent accurate current values,
and f3" and f;' represent parameter disturbances, which can be
expressed as:

, 11 R _R-AR
fd—ud(k)(L_AL ) i, (k )(L T AL]
1 . R-AR R 20
Ji= ”()(L L AL) l"(k)[L—AL_f)
m(k)[&_ﬁj
L-AL L

Substituting (20) into (18) and (19), the stator flux responses
of the control system can be obtained as follows:

W, (k+2) =y, (k+2)+(TAR = AL)[i,,(k + 1)+ T.f;
—ALT.m,(k)[ i,(k+1)+ T 1 |- Ay,

v, (k+2) =y, (k+2)+(TAR—-AL) i, (k+1D)+T.f!] 23)
~ALT,0,(k)[i,,(k+ D)+ T 1]+ TAw 0, (k)

Similarly, the torque responses can be derived by:
T(k+2)=

] (22)

L 3
— T (k+2)+= p(ART, —AL)| i (k+1)+qu’
v, —Ay, |y, 2 [qo } (24)

L-AL | 3 | 7,3
= PALTQ Wiy (k+D+ L]+ v, T h)

From (22), (23) and (24), it can be seen that the conventional
one-step delay compensation is not accurate due to model
parameter disturbances, which further deteriorates the track
performance of the torque and stator flux.

Therefore, in order to improve the performance of PMSM
deadbeat direct torque control systems, it is necessary to
develop a low parameter sensitivity control algorithm.
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V. LOW PARAMETER SENSITIVITY DEADBEAT
DIRECT TORQUE CONTROL

In order to improve the control performance of a deadbeat
direct torque control system, a low parameter sensitivity
deadbeat direct torque control method is proposed. This
method can be implemented in two steps. Step 1 is performed
to estimate resistance offline. Step 2 is performed to estimate
inductance/permanent-magnet flux linkage online, and to
implement the proposed control algorithm. A control diagram
of the proposed method is shown in Fig. 2.

Firstly, an observer that can predict the stator current of the
next control period and simultaneously track parameter
disturbances is introduced. Then the resistance can be
estimated offline according to the estimated parameter
disturbance of the observer. The estimated resistance is used
to update this observer. Then the stator inductance and
permanent-magnet flux linkage are estimated online using the
estimated parameter disturbance of the d-axis and
sliding-mode adaptive law, respectively. Based on the
estimated motor parameters and predictive currents of the

observer, i.e., fd(k+l) and i;(k+1), an accurate one-step

delay compensation can be achieved and the tracking error
caused by parameter disturbances can be eliminated.

This section is arranged as follows. Subsection A
introduces a novel observer. The estimations of the resistance,
permanent-magnetic flux linkage and inductance are
described in subsections B, C and D, respectively. Finally,
low parameter sensitivity deadbeat direct torque control

method is presented in subsection E.

A. Observer

Based on motor models (1) and (2), the four-order state
equation of a SPMSM can be described as follows, when the
parameters variations are taken into consideration:

afi] [4, 4,][i] [B c
sl ekl @

where:
1
_R @ -— 0 1 0
An = L Alz = L 1 B= L 1
—w _5 0 Jp— 0o —
L L L
0 .
C= _2 u = ud l — l.d f — f;
A N I s

In (25), u, is the measured voltage, and f; and f; represent the
parameter disturbances, which are described in (26) and (27).

di _ _
fy = AL b+ ARi, ~ AL, (26)

di
1 :ALd—;+ARiq+ALa)id+At//fa) (27)

According to (25), a sliding-mode style observer is designed
to simultaneously estimate the stator currents at the next

. ‘V/f LR
T s
u, =
DB-DTC SVPWM |2
v fk+n 4
v k) |gutk+n 00

Flux/torque | v, LR
estimation !

(11) and (12)] il
| — —_— = q _____ | o)

|
2|1 f [ iy (k)
Resist: i dg -
I ese[?:;i"(zf w®) | Observer - h.m (k)
- 28).
waton 7,0 | @Y ! o)
> Step 1: offline

equation
—_ resistance estimation

o M+ T }

PaltD oo _ w __
. oI
| Lﬂ Inductance fl(llf)_ — _t _ m Ii (k
| estimation Updated d-axis |tag 0(k)
| | Flux and A(SS) | observer(55). 11 abe .
| torque iy (k+1) | | Updated observer : | dq ;‘WL)
| [|estimation | | w(k)
| aD a2 o L Updated g-axis | /|l
| estimation observer(51b). | 1| .

I 51b L L I—» Step 2: online flux
| Vi U (k) — and inductance estimation
!_ __________ o _ JI IA?,J is obtained from Stepl.
(b)

Fig. 2. Control diagrams of the proposed low parameter
sensitivity DB-DTC method. (a) Step 1: offline resistance
estimation. (b) Step 2: online inductance and flux linkage
estimation and algorithm implementation.

control period and the parameter disturbances, which is
shown as follows:

S A

i (4, 4,1 ¢ B A C
S = ] ] v )
d| £ LO 0] £ 0 D 0
where:
[ 0 U
[ } y { }
10 4 U,

In (28), Ugmo and Ugm, represent sliding-mode control
functions, which are discussed below. The error equation
between the motor model (25) and the observer (28) can be

computed as:
i ei — A]] A]Z ei + A]Z (]smn (29)
dt| e 0 0 | e D

o = eid__  — I e _|:efd:|_ fd_fd
. = = . T - A
| «] i1

fq
In order to ensure that the stator current estimation errors

>

~

Q

~>
|

~

and parameter disturbance estimation errors quickly converge
to zero, the sliding-mode control function Uy,, should be
reasonably designed. In this paper, the reaching law based
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design method is adopted. Firstly, an easy linear sliding-mode
surface is designed as:

R
s=| = =] (30)
s, e, i~

Then the equal speed sliding mode reaching law (31) is
introduced to design the sliding mode control function.

ds .

i k -sign(s) (€28)
where £ is the positive reaching coefficient.

According to (29), (30) and (31), considering e; as a

disturbance, the expression of the sliding-mode control
function can be derived as:

U,.,=4.e +k.sign(ei) (32)

smo

The proposed observer, which is controlled by the designed
control function (32), should be able to guarantee the
convergence of e; and e;. This means that the sliding-mode
stability condition (33) must be satisfied.

Vi=5,8,= W'éwgo (33)
I/‘] =Sq .jq =e‘//q .é'//q SO
Substituting (29) and (32) into (33), yields:
. R 1 1
V,=e, (_Zeid +we, _ze_[d _szxmu)
| (34)
=-e, {—zeﬂ, -k ~sign(eid)} <0
. R
Vq =€, (_Zeu/q e, —€, qumv)
(35)

1 .
=-e,, [_Zeﬁ’ —k- s1gn(ew)} <0

Therefore, the parameter £ should be selected according to
the following expression to guarantee the stability of the
sliding mode observer.

k > max [lezli',lezll') (36)

Under the action of the control function Uy, with
parameter k, this observer reaches the sliding-mode surface in
a finite amount of time and stays on it. This means that the

error values ejq and e, along with their derivatives ¢, and

€,

=0and é,=¢,=0 into (29) yields:

can converge to zero. Substituting the expressions ejq= ejq

de,
E + Def =0 (37)
Solving (37) yields:
€u = C-e
e, =C-e* 38)
Ja

where C is a constant. Equation (38) indicates that the
positive or negative sign and parameter amplitude of x4 and
Uq both have an important influence on the convergence of

the errors egy and eg,. Therefore, the positive iy and yq must be
used to guarantee the convergence.

B. Resistance Estimation

According to above analysis, it can be seen that this
observer is stable when appropriate parameters (including £,
u#a and pg) are determined. Therefore, the parameter
disturbance information fy and f; can be observed exactly.
This means that the electrical parameters of the motor can be
extracted from these disturbances based on (26) and (27).
Detailed information of the resistance estimation is described
in the following text.

The estimated resistance satisfying R, =R - AR , in
which the crude estimation of the resistance, i.e., R, is known
as the initial value. This means that the estimated value of the
true resistance can be obtained by the estimating errorAR . At
the stage of the estimating resistance (Step 1), the SPMSM
should be operated under two different operation conditions
(different current or speed). According to the observer and

di
the g-axis disturbance expression (27), the items ALTq and
t
ALwi, can be ignored under the MTPA control of the
di
SPMSM at the steady state, i.c., d_q ~0 and i; =0. Thus,
t

the estimation value of the g-axis disturbance in the first
operation condition can be described as:

fql =ARi, + Ay o, (39)

Under the second operation condition, the expression of the
estimated g-axis disturbance is shown as:

S =ARi, + Ay, o, (40)
Subtracting (39) from (40), yields:
) -
AR = 1fq2 qul 1)

12 = 1,0,

Thus, the estimated stator resistance is obtained as:
jéZR—a)l qZ_a)2 g1 (42)

0 X .
lq2a)l - lqla)z

C. Permanent-Magnet Flux Linkage Estimation

In a DB-DTC system, except for the resistance R, accurate
parameters L and y; are important. They determine the
control performance of the whole control system, because
they exist in the system reference, feedback and controller,
ie., the flux reference MTPA, the stator flux/torque
estimation (11) (12) and the solution of the DB-DTC (9).
Therefore, the online estimation of the inductance and
permanent-magnet flux linkage is necessary. This subsection
discusses the estimation of the permanent-magnet flux
linkage based on the updated g-axis observer of the observer
(28). The estimation of stator the inductance will be discussed
in next subsection.
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After estimating stator resistance, the initial value R in (28)
can be updated by Iéo. Therefore, the g-axis observer of the

observer (28) can be updated as:

di, A ) ) o
LE =u, — Ryi, —oLiy —oyy — f, —U
A (43)
dfy U
d[ - /’lq qsmo
where W =Wgp —AW;  represents the  estimated

permanent-magnet flux linkage. The error equation between
the motor model (25) and the updated g-axis observer (43) is
derived as:

de, R 0] 1 1
—1= __Oeiq - _Al//t - _efq - _qumo
dt L L L L (44)
dey,
7 = HqY gsmo

Under the action of the control function Ugm., the error ejq
and its derivative éiq can converge to zero. Thus, (44) can
be simplified as:

€, = -oAy, U qsmo

dey, (45)

In order to estimate the parameter y; exactly, a Lyapunov
function is designed as follows:

1 1 Ay

V=—e += d;

2% 2 b

where b is the adjusting coefficient. Calculating the derivative
of (46), yields:

(46)

; ) Ay .
V= eé + TfA v, 47)
According to (47), it can be seen that the error e, and Ay; can
converge to zero at the same time, when V <( is
guaranteed.

Substituting (45) into (47), yields:

. A .
V=it Ue = OAY Uiy + = AV (48)

qsmo

To ensure that (48) is less than 0, the following equation
should be satisfied, because the item of —ﬂqusmo is negative

number.
Ay,

—0Ay p1,U Ay, =0 (49)

gsmo +

Therefore, the adaptive law of the permanent-magnet flux
linkage estimation can be designed as follows:
B dy, —
Vo = Vo — Vo) _
dt
With this adaptive law, the g-axis observer, which can predict

-A l/./f = _ba)luq qumo (5 0)

the g-axis current of the next control period (fq (k+1)) and

simultaneously estimate the permanent-magnet flux linkage,
is described below, and its discrete form is shown in (51b).
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di, A .

LT; = uq — R()lq — Q)le - a)l//ﬂ) - f;I - qumn
d,
d; = ;quqsmo (Sla)

dy

=-bou U
dt Ha

qsmo

TR » T .
7 )iq(k)—w(k)Tsid(k)—w(k)zsl//m(k)

i (k+1)=(1-

T A
+ZS|:uq (k) - /;] (k) - qumo (k):|

Fole+1) = f,(6)+ p, U o (K)
'/}ﬂ) (k + 1) = V;ﬂ) (k) - bluq];w(k)qumo (k)

(51b)

D. Stator Inductance Estimation

On the other hand, after estimating the stator resistance,
according to (28), the updated d-axis observer can be
obtained as:

di A 4 .
Lﬁzud ~ Ryfy + oLi, — f, - U,
dj,

Jd_ U
dt /ud dsmo
It should be noted that f; in (52) can be simplified as (53)

SMo

(52)

di
according to (26), because the item AL% and ARi; canbe
ignored under the MTPA control of the SPMSM in the steady

di
state, i.e., i, =0, d_: ~0andAR=~0.

Ja =—ALwi, (53)

Therefore, the stator inductance can be estimated by the
following equation:
L,=L+ ﬁ (54)
i,

In practical applications, the d-axis observer can be
implemented in the following discrete form:
TR
L
LTy 0~ ()~ Uy (0]

I smo (55)

Falke+1)= f1(k) + 4T g (6)
Ly(k+)=L+ f,(k)/ a(k)i, (k)

iy (ke +1) = (1==2)ig (k) + (k) T, (k)

According to (51) and (55), it can be found that this
observer is able to predict the d-q axis currents of the next
control period used for the delay compensation and
simultaneously estimate the motor parameters.

E. Low Parameter Sensitivity DB-DTC Method

To compensate the one-step delay in the conventional
DB-DTC, the motor model needs to predict the current of the
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next control period using (10). Then based on (11) and (12),
the torque and stator flux are predicted. However, when
parameter mismatches exist, the predictive torque and stator
flux using the model (10), (11) and (12) leads to prediction
errors. This means that an inaccurate stator flux and torque
are applied in the control system to compensate for the
one-step control delay. In order to accurately compensate the
one-step control delay, the predictive stator currents of the

proposed observer (51) and (55) (i, (k +1) and fq (k+1)) are

adopted to predict the stator flux and torque of the next
control period with the estimated inductance and
permanent-magnet flux linkage. In addition, according to the
stator flux reference (MTPA solution) and the solution of the
DB-DTC (9), it is obvious that the existence of parameter
variations influence the control performance of the whole
system. Therefore, a low parameter sensitivity DB-DTC
method that includes three parts, i.e., stator flux reference
part, DB-DTC part, stator flux/torque prediction and observer
part, is designed, as shown in Fig.2. The proposed method
can obtain satisfactory control performance, even in the
presence of parameter variations.

In practical applications, step 1 is offline resistance
estimation, and this process is shown in Fig. 2(a). After
estimating the stator resistance, the initial value R in the

observer (28) can be updated by Iéo , which means the d-axis

and g-axis observers of the observer (28) can both be updated.

Then step 2, i.e., the online inductance and flux estimation,
can be implemented, and this process is shown in Fig. 2(b).

VI. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

The proposed low parameter sensitivity DB-DTC method
and the conventional DB-DTC method are simulated in
simulation software (MATLAB/Simulink) to validate the
effectiveness of the proposed method. The real parameters of
the machine are listed in Table I, and the sampling frequency
is 10kHz.

The results of the estimated resistance are shown in Fig. 3,
when a parameter mismatch exists. Fig. 3(a) and (b) show the
results of the g-axis current and estimated fq under two
different test condition, and Fig. 3(c) shows an estimated
resistance waveform. From the results of Fig. 3, it can be seen
that the estimation result of the stator resistance is satisfying.

In addition, the simulation responses of the torque and
stator flux are illustrated in Figs. 4 and 5. From top to bottom,
the curves are the stator flux reference and its response, the
torque reference and its response, the estimated
permanent-magnetic flux linkage, and the
inductance. At 0.95s, the external load is suddenly changed
from 4N-m to the rated value 6N-m, and at 1.05s this load is
removed. Simulation results of the conventional DB-DTC

estimated

and proposed method under inductance parameter variations

TABLEI
PARAMETERS OF THE PMSM IN SIMULATION AND EXPERIMENT
Ly, Ly d- and g-axes inductances 11mH
R stator phase resistance 3Q
n rated speed 2000 r/min
P number of pole pairs 3
J rotational inertia 0.00129kg-m?
W flux linkage of permanent 0.24Wb
magnets
2 5
Zas < 2.5 WM
- (et -~
0 0
\ 0 I
s E \
\\/? 10 \ \,—20 N
e —
-200.2 0.4 0.6 0.8 1 12 14 _4%.2 0.4 0.6 0.8 1 1.2 14
time(s) time(s)
(a) (b)
10
a 5
.g 0 3Q
<
-50.2 0.4 0.6 0.8 1 1.2 1.4

time(s)

©
Fig. 3. Simulation results of the stator resistance estimation
under R=4.3R,, at 500r/min: (a) g-axis current and estimated fg
with a 2N.m load; (b) g-axis current and estimated f; with a
4N.m load; (c) estimated stator resistance.

are shown in Fig. 4(a)-(d). In addition, simulation results of
both methods under permanent-magnetic flux linkage
variations are shown in Fig. 5(a)-(d). It can be seen that the
parameter variations have an obviously effect on the track
performance of the torque and stator flux, and that the stator
flux reference is also influenced. However, it is obvious that
the track performances of the torque and stator flux are
satisfactory due to the application of the proposed control
method. In addition, From Fig. 4(e) and Fig. 5(e), it can be
seen that the stator inductance and permanent-magnetic flux
linkage can be estimated accurately under different parameter
variations, which further demonstrates the validity of the
proposed method.

B. Experimental Results

A 32-bit floating point DSP (TMS320F28335) is used to
accomplish the control algorithm development. The PMSM
drive platform is shown in Fig. 6. Experimental comparisons
between the conventional DB-DTC and the proposed method
are carried out and the results are shown in Fig. 7-10.

Fig. 7(a) and (b) show curves of the g-axis current and
estimated fq under two different test condition, respectively.
The estimated stator resistance is shown in Fig. 7(c). These

experimental results indicate that accurate resistance
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Fig. 4. Simulation results of both methods under L=1.5Ly and
L=0.66L, at 500r/min: (a) stator flux and torque response with
the DB-DTC method under L=1.5Ly; (b) stator flux and torque
response with the DB-DTC method under L=0.66L; (c) stator
flux and torque response with the proposed method under
L=1.5Ly; (d) stator flux and torque response with the proposed
method under L=0.66L; (¢) estimation values of the inductance
and permanent-magnetic flux linkage using the proposed
method.

estimation can be obtained. In addition, when an inductance
parameter disturbance exists and the external load of the
motor changes from 2 to 4N.m, the stator flux and torque
responses of both methods are investigated. The experimental
results are shown in Fig. 8. It can be seen that the control
performance of the stator flux and torque are not good in the
conventional DB-DTC method due to the inductance
parameter mismatch (L=1.5Ly). However, the proposed
method is able to effectively suppress these track errors.

In addition to the inductance parameter disturbance test, a
test of the permanent magnet flux linkage variation was also
carried out. Fig.9 shows a response comparisons of the stator
flux and torque under the conventional DB-DTC and the
proposed method with y, =0.5y,. It can be seen that the
tracking errors caused by the inductance and permanent
magnet flux linkage disturbances, which exist in the
conventional DB-DTC method, can be effectively
compensated using the proposed control method. In addition,
from the obtained experimental waveforms, it can be found
that the proposed method exhibits much lower stator flux and
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Fig. 5. Simulation results of both methods under =2y and wy
=0.5yp at 500r/min: (a) stator flux and torque response with the
DB-DTC method under y=2yp; (b) stator flux and torque
response with the DB-DTC method under y; =0.5yp; (c) stator
flux and torque response with the proposed method under
w=2yp; (d) stator flux and torque response with the proposed
method under y=0.5wy; (e) estimation values of the inductance
and permanent-magnetic flux linkage using the proposed
method.

Fig. 6. Experiment platform of a PMSM system.

torque ripples when compared with the conventional
DB-DTC method.

Finally, the control performances of both methods are
investigated when different parameter disturbances, i.e.
L=0.66L, and w2y, coexist in the system. The stator flux
and torque response of both methods are displayed in Fig.10
(a)-(d), and the  estimated stator inductance,
permanent-magnetic flux linkage and estimated disturbances
(fa and fg) are shown in Fig.10 (e) and (f), respectively. These
results indicate that the parameters can be accurately
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4N.m load; (c) estimated stator resistance.
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Fig. 8. Experimental results of both methods under L=1.5L, at
500r/min: (a) stator flux reference and its response using the
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DB-DTC method; (c) stator flux reference and its response using
the proposed method; (d) torque reference and its response using
the proposed method.
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Fig. 10. Experimental results of both methods under L=0.66L,
and y=1.5wp: (a) stator flux reference and its response using the
DB-DTC method; (b) torque reference and its response using the
DB-DTC method; (c) stator flux reference and its response using
the proposed method; (d) torque reference and its response using
the proposed method; (e) estimation values of the stator
inductance and permanent-magnetic flux linkage using the
proposed method; (f) dq-axis disturbance estimation using the
proposed method.

estimated, and that the tracking errors of the stator flux and
torque caused by parameters changes can be effectively
eliminated by using the proposed method.
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VII. CONCLUSIONS

An improved deadbeat direct torque control method is
proposed and has been experimentally applied to a SPMSM
drive system. The major contributions of this work include: 1)

using an observer to achieve simultaneous parameter

estimation and one-step delay compensation; 2) proposing a
low parameter sensitivity deadbeat direct torque control
method to improve the tracking performance of SPMSM
derive systems in the presence of parameter mismatch.
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