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ABSTRACT This paper proposes an adjustable wide-range speed-control method for sensorless IPMSM
drive systems from standstill, low-speeds, middle-speeds, and high-speeds in the flux-weakening region.
A sensorless method and an online parameter estimation method based on the measurement of current-slope
under SVPWM with an extension compensation are proposed. The estimated rotor position, rotor speed,
d-q axis inductances, magnetic flux, and torque of the IPMSM are precisely computed by using a current-
slope measurement, and then a closed-loop speed control sensorless IPMSM drive system is implemented
without requiring any external high-frequency signal injection or a complicated observer. In addition,
to achieve a high-performance sensorless IPMSM drive system, the estimated parameters are used for
real-time maximum torque per ampere control and flux-weakening control. Finally, the proposed sensorless
IPMSM drive system provides a wide operation range from 1 r/min to 3000 r/min with excellent performance
in constant-torque regions and flux-weakening regions. A digital signal processor, made by Texas Instrument,
type TMS 320F2802, is employed to realize the control algorithm and estimation algorithm. Experimental
results show the proposed sensorless IPMSM drive system achieves satisfactory responses, including + 2.5°
of electrical position estimation errors, good dynamic responses, and good tracking responses.

INDEX TERMS Current-slope measurement, sensorless drive, online parameter estimation, maximum
torque per ampere control, flux-weakening control, [IPMSM.

I. INTRODUCTION
Interior permanent magnet synchronous motors (IPMSM)
have been used in different industrial applications, such as
electric vehicles, elevators, and robots due to their superior
performance in terms of high-power density, high efficiency,
good robustness, and wide-speed operation ranges [1], [2].
These sensorless IPMSM drives have been investigated for
more than four decades. Generally speaking, the sensorless
techniques are classified into four major categories: high-
frequency voltage or high-frequency current injection meth-
ods [3], [4], extended back electromotive force (back-EMF)
methods [5], [6], indirect flux detection methods [7], [8], and
fundamental pulse-width modulation (PWM) current-slope
methods. The fundamental PWM method, which is the most
popular, uses current-slope detection based on space-vector
pulse width modulation (SVPWM) in each switching inter-
val. By using the current-slope of the fundamental SVPWM,
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the estimated rotor position was precisely obtained [9], [10].
The advantage of this method was that it could be used in a
wide speed range. However, a current-slope detection method
was required to comply with the minimum time duration to
precisely acquire the estimated rotor position. As a result,
a cramped voltage vector was required to extend the min-
imum duration. Then, a compensation vector was therefore
required [11], [12]. In [13], an optimized asymmetric PWM
was proposed to obtain longer active voltage vectors and more
accurate current-slope measurements. However, the position
estimation errors were within & 9%, which could be too large.

These sensorless methods required measurements of the
motor parameters. In fact, the real parameters are varied due
to magnetic saturation and temperature changes. As a result,
the difference between the real position and estimated posi-
tion had large estimation errors as the motor parameter vari-
ations are too great in sensorless methods [14]. To overcome
this problem, several online parameter estimation methods
based on sensorless drives have been proposed by sev-
eral researchers [15]-[21]. For example, Ichikawa et al. [15]
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investigated an extended back electromotive force sensorless
method with online parameter identification where the recur-
sive least-square (RLS) method was employed. The resis-
tance and d-¢ axis inductances were estimated and were not
influenced by the position error under sensorless control. As a
result, the sensorless drive with identified parameters could
maintain good position estimation accuracy. Piippo et al. [16]
investigated an adaptive observer with a high-frequency sig-
nal injection sensorless method, in which an observer was
used for the parameter estimation. The stator resistance was
estimated at low speed from an error signal that was pro-
duced by the injecting signal. The permanent magnet flux
was estimated at medium to high speeds from the d-axis cur-
rent estimation errors. Inoue et al. [17] investigated a model-
based sensorless method with online parameter estimation
using the RLS method. The resistance was identified online;
however, the g-axis inductance was identified off-line. The
identified resistance in the sensorless drive system improved
the accuracy of the estimated position in low speed regions.
Hamida et al. [18] investigated an adaptive interconnected
observer for rotor speed, rotor position, load torque, stator
inductance, and stator resistance estimations. However, the
estimated position error produced by that method was within
0.18 rad, which was too large, and the proposed observer
was also complicated. Rafaq et al. [19] investigated an online
parameter identification method based on an affine projection
algorithm to estimate the stator resistance and d-q axis stator
inductances for model-based sensorless control. The online
updated parameter made the sensorless method stable and
robust while the motor parameters varied. However, the esti-
mated position error, which was near 0.2 rad, was relatively
large. Yao et al. [20] investigated online parameter estimation
based on adaptive full-state feedback current control for back-
EMF sensorless drives. The performance of the sensorless
drives were improved since online parameters were imple-
mented at medium-speeds to high-speeds. However. The esti-
mated position errors at medium-speeds deteriorated to =+ 4°.
Tang et al. [21] investigated a rotor-flux-model-based sen-
sorless maximum torque per ampere (MTPA) control for
IPMSMs by estimating a virtual g-axis inductance that was
obtained by using a virtual high-frequency injecting signal.
Simple signal processing was used to acquire the virtual
g-axis inductance in real time. Furthermore, an effective
range, based on the nominal inductance, was used. As a
result, a sensorless MTPA control operation was achieved in
a limited range. However, the estimated position errors were
near =+ 6°, which was too large.

In previous papers [15]-[21], the sensorless and online
parameter estimation methods were separated, and this
increased the complexity in their implemented drive system
and also aggravated the computational burden. In this paper,
a sensorless drive system including rotor position and online
parameter estimation methods based on current-slope mea-
surements is investigated. The current-slope is computed in
each switching state during a sampling interval by measuring
two points of the stator currents. After that, the rotor position,
rotor speed, d-q axis inductances, magnetic flux, and torque
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of the IPMSM are precisely estimated. The proposed online
parameter estimation is obtained when the DSP executes the
sensorless method. As a result, we can implement a sim-
ple method without requiring any external high-frequency
signal injections or complicated observers. To achieve a
high-performance sensorless IPMSM drive system, the esti-
mated parameters are used for real-time MTPA and flux-
weakening control. Finally, experimental results show that
the proposed sensorless IPMSM drive system provides a
wide operation range from 1 r/min to 3000 r/min with excel-
lent performance in the constant-torque and flux-weakening
regions. The performance in this paper is better than that in
previously published papers [15]-[21]. To the author’s best
knowledge, these two major points are original and are the
main contributions of this paper.

Il. SENSORLESS TECHNIQUE

A. IPMSM MODEL

The voltage equations of the IPMSM in the a-b-c stationary
frame are described as follows:

Va iy
Vb | =Ts | Wb
Ve lc
d lg Ly, Lyab  Liac
+ E ip Linba Lgp Lynpe
e Linca Linew Ly
cos 6,
P 2
COS - —
+ hm ‘3 )]

2
cos (06 + T)

where v, v, and v, are the three-phase voltages; r; is the sta-
tor resistance; i,, ip, and i, are the three-phase stator currents;
d / dt is the differential operator; Ly, Lgp, and Lg. are the
three-phase self-inductances; Lyap, Linac, Lmbas Limbes Lmcas
and Ly, are the three-phase mutual inductances;,, is the
permanent-magnet flux; and 6, is the electrical rotor position
of the IPMSM. The three-phase self-inductances are shown
as:

Ly = Ly + Ly — Ly cos(20,) 2)
2
Ly, = Ly + Ly — Ly cos(20, + T) 3)
and
2w
Ly = Ly + Ly — Ly cos(20, — ?) @)

Furthermore, the mutual-inductances are

described as: 1 2T
Liap = Lnba = _ELX - Ly cos(20, — T) (5)

three-phase

1
Lipe = Lipch = _ELx - Ly cos(20,) (6)
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and

Linca = Linae =

1 2
_ELX — Ly cos(20, + ?) 7

where L; is the leakage inductance, L, is the constant value
parameter of the self-inductance and mutual inductance, and
Ly is the varying parameter that is related to the cos (26,) of
the self-inductance and mutual inductance. The relationship
between Ly, Ly, and Ly and Ly and L, can be expressed as [22]

3
Li=Li+3 (Ly — Ly) ®)
and

3
Ly=Li+3 (Ly +Ly) ©)

where L is the d-axis inductance and L, is the g-axis induc-
tance of the IPMSM. The total torque of the IPMSM is shown
as follows:

3P . .
T, = T [(La — Ly)igiq + miq) (10)

where T, is the total torque, P is the pole number, iy is the
d-axis current, and i, is the g- axis current. The dynamic
equation of the mechanical speed of the IPMSM can be
expressed as:

d 1 T

Ewm = E (T, —TL
where w,, is the mechanical speed of the IPMSM,
Jon 18 the inertia of the IPMSM, T} is the external load, and
By, is the friction coefficient of the motor. The relationship
between the mechanical speed and the electrical speed of the
IPMSM is expressed as:

— Buwm) (11)

P
We = Ewm 12)

where w, is the electrical speed of the IPMSM.

B. SVPWM-BASED CURRENT-SLOPE SENSORLESS
TECHNIQUE

SVPWM is a very popular modulation technique for field-
oriented control (FOC) for IPMSM drive systems. It provides
a fixed switching state for each sector. The three switching
states occur in one sector of a sampling interval and include
two active voltage vectors and one zero voltage vector. Based
on these principles, the rotor position estimation is derived by
using the current-slope obtained from these three consecutive
switching states.

Assuming that the vector position is in sector 1 and the
three switching states Vi, V,, and V7 are used, the current-
slopes are measured by detecting the two points of the stator
currents which are generated by each voltage vector. By using
this method, the relationships among the voltage vectors,
switching states, and output voltages are shown in Table 1,
in which each switching state generates an output voltage.

The voltage equations that use the first active voltage vec-
tor V are expressed as follows:
dig" diy! diy!

+ Lyab—— + Lipge——
dt

0.67V, = +L
de = Fsig sa” dr di
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TABLE 1. The switching states of inverter.

Voltage Switching States Output Voltages
Vectors Sa Sh S, v, 17 1A
4 1 0 0 0.67Vae 0330V —0.33Va
14 1 1 0 0.33V4c 0334 —0.67Va
14 0 1 0 033V 0.67Vg —0.33Ve
Vi 0 1 1 —0.67Vae  0.33Va 0.33V4
Vs 0 0 1 —0.33Vee  —033Vie  0.67Va
4 1 0 1 0.33Vae —0.67Vae 0.3V
14 0 0 0 0 0 0
v 1 1 1 0 0 0
— A, SIN 6,
+ [ia dLyg +ip L + i dL”Zg‘”} we (13)
do, o, do,
di))! diy)! dil!
—0.33V4e = rsip + Linba—— d + Lop—— dr + Lmbc?
— A, SIN (96 — 2_n>
3
¥ [za Wb |, %t ; Lo } v (14)
do, do, do,
and
Vi Vi Vi
—0.33Vye = rsic 4 Linca d;" + Lincy d;’; + Lscd;—ct

. 2
— Amwe sin | 6, + KR

dr). drL dL
+[ia M pip—meh 4 22 g, (15)

dé, dé, do,

where V. is the DC-bus voltage of the inverter. The voltage
equations of an [IPMSM that uses the second active voltage
vector V; are shown as the following equations:

, di)? diy? di?
0.33Vye = r5iqg + Lya da + Lynap d}; + Lmacd_ct
— A, SIN 6,
dLyy — dLY?,dLy2.
+ | — 4 +1i 16
|: a 0, ib do, e do, w, (16)
di)? diy? di>
0.33Vye = 15ip + Linba da + Lgp dl; + Lmbcd_ct
2
— A, Sin <9€ — _rr)
3
Lpy ;AL ; e
j - ] 17
+[“d96 g, Tieag, [P0 (D
and
diy? diy? il
—0.67V4e = rgic + Lpca—— + Lineb —— + Lye ——
dt dt dt
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. 2
— Ame Sin | 6, + EY

dL)>2. ar"”? dLy?
+ |: meca +l mcb +i. SC We (18)

‘0, do, " “7de,

The voltage equations that use the zero voltage vector V7 are
described as follows:

il dip)? dil0
0 = ryig+ Lyg—— dr + Liab—— dr +Lma07
— A, SIn 6,
\%
N [ia ‘ZLQY‘O iy dzgz’b i ‘%} v (19)
, dil dip)? dil0
0 = ryip + Linpa—— dr +Lbd_+ mbc?

. 2
— Ap@e SIn | 6, — ER

Vi \Y Vi
+ |:l dLm%a in dstO i dLm(l)w :| w (20)
a ¢ e
do, db, do,

and

ail +L dlZO ‘L dil®

dt meb — dr sC dt
. 2

— Ane Sin | 0, + KR

aro. dr"° dryo
+ |:ia mca +i 'meb . SC we

0 = rgic + Linca——

2D

do, " "*7ae, "' ae,

In this paper, a SVPWM-based current-slope sensorless
technique is employed to estimate the rotor position. First, the
current-slope between the first active voltage vector V; and
the zero voltage vector V7 is computed. Then, the current-
slope between the second active voltage vector V> and the
zero voltage vector V7 is computed. To simplify the method,
the resistance drop voltage in Vi, V», and V7 vectors is
neglected because the different voltage vectors cancel it out.
In addition, in the sampling interval T, which is 100 s, the
back-EMF is maintained as a near constant. Furthermore, due
to the balance of three-phase currents, the total current-slope
in the a-b-c phase is equal to zero. By substituting equa-
tions (2) to (7) into equations (13) to (21), one can derive
the current-slope between the V; and V7 voltage vectors as
follows:
diy'  diy’

dt dt
Ve [%L, + AL, +4L, cos(ZGe)]

Vi
Di)"7 =

= (22)
(2L; +3La) (2L + 3Ly")
.V V-
DlV” — ﬂ _ ﬂ
b dr dr

4oL

Ve 3 1 x
B —2Ly cos(20,) + 2+/3 Ly sin(26,) 23)

(2L; + 3La) (2L; + 3Ly")
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and

_(dit diy N diy'  di)’ N it dil
o\ dr dt dr dr dt dt

= Di¥'"" + Di)"" + Di¥" (24)

The current-slope difference between the V;, and V7 is shown
as follows:

. v
i aiy

Di¥Y = -
“ dt dt
4 +2L
Vdc 3 1 x A
B +2L, c08(20,) + 2+/3 Ly sin(26,) @5)
- (2L + 3Ly) (2L; + 3Ly)
.V V-
DiV27 — % — E
b dr dr
Vae [4L1+ 2Ly — 4Ly cos(26,)
= (26)
(2L; + 3La) (2L + 3Ly)
and
0 dil?  diy N diy>  diy)’ N dil?  diY
T\ ar dt dt dt dt dt
= Di}” + Di,” + Di{” 27)
where
La =1L, — L, (28)
Ly =Ly + L, (29)

As one can observe in equations (22) to (29), there are two
current-slope differences between the two different switching
states, and those differences are compensated for by using the
zero voltage vector V7. The aim of this paper is to propose
a sensorless technique to estimate the rotor position of the
IPMSM, which is inherently included in the current-slope
equations in this paper.

The method to calculate the three-phase current-slope is
to convert the a-b-c axis into the @« — B axis by using a
coordinate transformation. Since there are two current-slopes
of two different switching states, a simple rule is proposed
here. One can define the following equation:

VX7 +DZV\7 # O,

x #y,Vx,ye{l,2,3,4,5,6}
j € {aorb}

Di, Va1 + Di,

} (30)

Equation (30) is used to avoid a singularity of the inverse
matrix. By using equations (22), (23), and (26) to comply
with equation (30), the coordinate transformation of the three-
phase current-slopes between the V| and V7 voltage vectors
and V; and V7 voltage vectors can be developed as the fol-
lowing equation:

Dig 4 0 4 '[Di”
Disg |=|-2 243 =2 piy" | 3D
Diy —4 0 2 D1V27
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From equation (31), we can obtain:

VacL 26,
Di, = dclsy cos(26,) (32)
(2L; + 3LA) (2L; + 3Ly")
VacLy sin(26
Diy = deLy sin(20,) (33)

(2L; + 3La) (2L; + 3Ly")

and
Ve (%Ll + Lx)
(2L +3La) (2L 4 3Ly)

The inverse matrix in equation (31) has different values
when different switching states are used. In the real world,
the inverse matrix is implemented by using a lookup table
technique. Finally, the estimated rotor position is obtained as

follows:
—1 ( Dig
tan <D_la)
2

In equation (35), 6, is not influenced by the DC input voltage
or by the parameters of the IPMSM. In fact, this proposed
sensorless technique is very simple because it is only related
to Di, and Dig. The details of the current-slope sensorless
method are depicted in Fig. 1. First, the stator phase-currents
are detected and then calculated to obtain the current-slopes.
Next, the current-slopes of the a-phase and the b-phase of
each switching state can be converted to the ¢ — B axis
current-slopes. Finally, the rotor position is then easily esti-
mated from equation (35), and the speed is estimated by
calculating A6, / At.

Diy (34)

6 = 35)

Ve
i Dlu,/Z Dig,
—>» Current- > > P ar
; slope | p¥7 | Ea.GD| p, |Ba. G >~ —>
b . a, B At
——| calculation > >

FIGURE 1. Block diagram of the current-slope sensorless technique.

C. CURRENT MEASUREMENT TECHNIQUE

The measurement of stator currents is an essential require-
ment for current-slope sensorless techniques. The precise
detection of the stator currents leads to an accurate estimated
rotor position. This paper uses the current-slope between the
active voltage vectors and the zero voltage vectors. As a
result, two current sampling instances are used for different
switching states in every sampling interval. The sampling
instance of the first sampling point is 10 ps after the related
switch turns on. The sampling instance of the second point
is 5 ws before the related switch turns off. Thus, suitable delay
time is required to avoid current spikes.

In addition, the current slope measurement is affected by
the duration of each switching state. In terms of practicality,
a narrow voltage vector is extended to provide sufficient time
for stator current detection. The minimum switching time,
Trmin, 1 set as 20 ws in this paper to ensure the digital signal
processor (DSP) has enough time to detect the current slope
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precisely. Fig. 2 shows the switching pattern and the current
sampling diagram when the vector position is in sector 1.
If the switching time of the voltage vector V; is extended
to Tmin because it is too narrow, then its opposite vector Vy4
is added to compensate for previous extension vector. Once
the voltage vector is applied, the corresponding current is
measured to compute a precise current-slope by sampling two
points in each switching state.

Carrier signal

- — -

K%
—» —» —>

%)

I
I >
T () |

|

|

|

|

T

| |
':/j[‘b_lf Aﬂ\‘li\«ﬁl,\

Current sampling

FIGURE 2. Switching pattern and current sampling diagram (a) carrier
signal (b) switching states (c) current sampling.

Ill. PARAMETER ESTIMATION BASED ON
CURRENT-SLOPE MEASUREMENTS

As discussed in the previously published papers in [15]
to [21], the sensorless and online parameter estimation meth-
ods are always two separate methods, and this increases
the complexity of the implemented drive system. To solve
this problem, this paper proposes a new method that uses
current-slope measurements to estimate the d-g axis induc-
tances, magnetic flux, and torque of an IPMSM. The pro-
posed online parameter estimation is executed when the DSP
executes the sensorless method; hence, the implementation
is achieved in one simple approach without requiring any
external high-frequency signal injection or a complicated
observer. This is one of the main contributions of this paper.
The details are described as follows:

A. INDUCTANCE ESTIMATION

To achieve high-performance sensorless MTPA control, the
accurate estimated parameters of the IPMSM are required,
such as the estimated parameters Ly, Ly, and A,,. This paper
proposes a current slope-based parameter estimation for
an IPMSM, and the details are discussed in this section.
From equations (32), (33), and (34), one can obtain the
ratio between the estimated inductance Ly, and the estimated
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inductance (2/3)L; + Ly as follows:

L /D2 + Di/%

= y (36)
$Li+ Ly Diy
Then from equation (34), one can obtain:
Ve
Diy = de (37)

2
2 L'v
9 (gL, +Lx) (1 n <§L/+Lx) )

From equations (36) and (37), one can obtain the estimated
parameters (2 / 3)L; 4+ L, as follows:

2 Vie
—L[+L= dc

3 . Di2+Dij,
(- (57}

Substituting equation (38) into (37), one can derive the esti-
mated inductance Ly as follows:

Vae,/Di2 + Di
Di2+Di?
9D#, (1 - ( lg%, ’ﬂ))

Finally, by substituting equations (38) and (39) into equa-
tions (8) and (9), the estimated d-axis inductance and the
estimated g-axis inductance of the IPMSM can be obtained
as the following two equations:

(38)

L=

(39)

Ly = 3 (ng +L — L.> (40)
2\3 4
and
3 /2
Ly=3 (§L1 +L, +Ly> 41)

B. MAGNETIC FLUX ESTIMATION

The o — B axis voltage equation of an IPMSM is shown as
follows:

el Tia Di, T d [,
[Vﬁ}_r‘[iﬁ}rL"[Diﬂ]JrE[kﬂ} (+2

where v, and vg are the o — 8 axis voltages. However, in this
paper, the voltage commands are used to replace the « — 8
axis stator voltages. In addition, i, and ig are the oo — 8 axis
stator currents and A, and Ag are the @ — B axis stator flux
linkages.

The estimated o — 8 axis flux linkages are expressed as the
following two equations:

dhy . :
7 = vy — Fsiqg — LgDiy = ey 43)
and
dig . .
7 = Vg — Islg —LqDlﬂ =eg (44)

The integration of the back EMF is affected by the initial
value which is usually unknown and could generate a DC
offset. Moreover, in practice, there is a possibility that current
detection errors result in some DC offsets and harmonics.
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The back EMF signal can be rewritten as a combination of
sinusoidal signals as follows [23]:

es = Ao + Ay sin(wyt + @) + Y Apsin(ont + gn)  (45)

where ¢ is the back EMF vector of the « — 8 axis com-
ponents. The back EMF in equation (45) has three essential
components. A is the dc component, Ay sin(wst + ¢r) is the
fundamental component, and the summation of Aj, sin(wpt +
@p) is the total harmonic component. Ay, Ay, and A, are the
corresponding amplitudes of the signal for each component;
wy and wy, are the angular frequencies of the fundamental sig-
nal and harmonic signals; and ¢y and ¢, are the initial angles
of the fundamental signal and harmonic signals. By taking the
Laplace transformation into equation (45), one can obtain the
following equation:

s sin ¢ + wr cos ¢f
52 + a)]%

Ao
E(s) = T ~|—Af

(46)

s sin @y + wyp, cos @y,
+ Ay
Z S2 + 0)%

where s is the Laplace transform operator and E(s) is the
Laplace transform of e;. It is a straightforward process to
obtain the flux linkage by using an integrator for equa-
tion (46). However, the integrator generates a DC offset in the
dc component, fundamental signals, and harmonic signals.
This DC offset may cause saturation of the estimated flux
linkages, and thus, the trajectories drift out of a circular shape.
To overcome this problem, a low pass filter (LPF) is applied
as a flux linkage estimator and is described as follows:

Ao @e_wet

As LPF = P
e e
A T
+ e sin(opt + gf — 5 T
/a))% + a)g
et

cos(¢r + Or)e™

A
T A
/a)f+a)g

A
LA
Vei o

A
"y
2 2
wh+we

where As rpr is the estimated flux linkage when using an
LPF. In (47), the first term of the DC components exponen-
tially decays as the time increases. In addition, the second and
third terms of the DC components are affected by their initial
values and exponentially decay in steady state. The saturation
of the estimated flux linkage, therefore, can be removed.
Then, it is not difficult to obtain the estimated permanent
magnetic flux as follows:

]

. T
sin(wpt + @p — 0} + )

cos(gn + Op)e ! (47)

hon = [ a2 + Gup_Lpr P (48)

The permanent magnetic flux, A,,, is estimated and then used
to compute the estimated torque. The current-slope based
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parameter estimation diagram is depicted in Fig. 3. The esti-
mated d-axis inductance, Ly; estimated g-axis inductances,
Ly; and estimated magnetic flux of the IPMSM, A, are
obtained by using the current-slope detection method.

le
2
§L1 + Ly

i Di:’,‘l; Din Lq
Current- Di Eq. (38) Eq. (40) —>
. slope D,';'nh" Eq. (31) o and I and L
| calculation . Dip Eq. (39) Y Eq. (41)
5 diap
PI Eq. (43) a1 Aap_LPF Am
current o and LPF - Eq. (48)
control Eq. (44)|

FIGURE 3. Block diagram of the current-slope based parameter
estimation.

IV. MTPA AND FLUX-WEAKENING ALGORITHMS

In general, many researchers usually control the IPMSM by
setting iy = 0, which can produce linear torque. However,
the setting of iy = 0 does not generate reluctance torque.
To increase the total torque, a high-performance sensorless
IPMSM drive system with real-time MTPA control is pro-
posed in this paper. The MTPA control with online parameter
estimation adjusts iy properly to reach maximum torque.
By taking a partial derivative of the estimated torque shown
in equation (10) with respect to the i;, we can obtain the
following equation:

oT, 3P 7
dig 4

(L - Lq);—j + (La — Lyia + xm] (49)

By setting equation (49) to equal zero, we can derive the
following equation:

iq = Gl at +i2 (50)
M Ty —Ly \ALg—Lyr 4

From equation (50), the iy is adjusted for real-time MTPA
control. The accuracy of the iy is strongly influenced by the
estimated parameters of the motor when the MTPA control is
executed.

When the speed of the IPMSM increases beyond the nom-
inal speed, a flux weakening algorithm is employed to keep
the voltage at a constant. The relationship of the maximum
voltage is expressed as the following equation:

Vs max > \/V(21+V[21 (51

where Vimax 1S the maximum phase voltage and is set at
Vae / +/3. In steady state, the d-g axis voltages of the IPMSM
are described as the following equation:

va | ig —Lgiq
[Vq}_r‘y[iq}—'_we[@iid‘*‘)‘m] 62

where vy is the d-axis voltage and v, is the g- axis voltage.
Substituting equation (51) into (52) and omitting the resis-
tance voltage drops, one can derive the d-axis current as the
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following equation:

. 1 A+ Vs max 2 (L s )2 (53)
lgq = — — — 1
d Ld m 2y qlq

From equation (53), real-time flux weakening control of
the IPMSM is achieved. The flux weakening control is
enabled to decrease the voltage saturation and maintain the
maximum phase-voltage as a constant by properly adjusting
the d-axis current.

V. EXPERIMENTAL RESULTS

The performance of the proposed method is validated
through a bench test in which a rated 500 W, 2000 r/min,
3A, and 4-pole IPMSM is used. The measured parame-
ters of the IPMSM are: ry = 193 Q, Ly = 15 mH,
Ly, =32 mH, A,, = 0.216 V.s/rad, J,, = 0.0005 kg—mz, and
B, = 0.003 N.m.s/rad. The experimental conditions are set
as follows:

The DC bus voltage is 200V, the current-loop frequency is
10 kHz and is synchronized with the switching frequency of
the inverter, and the speed-loop frequency is 1 kHz.

The implemented drive system is depicted in Fig. 4(a)
to (c). Fig.4(a) shows the block diagram of the current-slope
sensorless IPMSM drive system with real-time MTPA and
flux-weakening control. The phase currents of each switching
state are detected for the current-slope calculation. After that,
the estimated rotor position as well as the estimated rotor
speed are obtained. The estimated parameters Ly, Ly, and
Am are obtained by using the current-slope. In addition, the
estimated parameters, including Ly, Ly, and A, are used for
real-time MTPA and flux-weakening algorithms. Finally, the
closed-loop sensorless IPMSM drive system achieves wide
speed-range operations. Fig. 4(b) depicts the hardware circuit
which includes a control board with a DSP TMS32F2808,
a gate driver board, a three-phase inverter, 16-bit AD con-
verters, and two current sensors. Fig. 4(c) depicts the motor
test platform equipped with an external DC load which is
installed with a torque sensor to compare the real torque and
the estimated torque.

The performance of the proposed current-slope sen-
sorless IPMSM drive system at 1 r/min is shown in
Fig. 5(a) to (d). As presented in Fig. 5(a) and (b), the
estimated rotor position is obtained within £ 2° of errors.
Fig. 5(c) presents a comparison of the estimated rotor speed
and the real rotor speed. Fig. 5(d) shows the estimated speed
errors. As can be seen in these figures, the estimated speed
errors are +0.06 r/min. Fig. 6(a) to (d) demonstrate the
current-slope sensorless IPMSM drive system at 2000 r/min.
The related o — B axis current-slopes which are used for the
rotor position estimations are depicted in Fig. 6(a). A com-
parison of the estimated and the real rotor positions is demon-
strated in Fig. 6(b). As one can observe, the rotor position is
precisely estimated. Fig. 6(c) presents the estimated position
errors, which are 4= 2°. Fig. 6(d) presents a comparison of
the measured speed responses at 2000 r/min under steady
state conditions. Thus, the speed of IPMSM is accurately
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FIGURE 4. Photographs of the implemented drive system (a) block
diagram system (b)hardware circuit (c) motor test platform.

estimated. According to Fig. 5(a) to (d) and Fig. 6(a) to (d),
the sensorless IPMSM drive system works well from low

speed ranges to the rated speeds.

Fig. 7(a) and (b) show a comparison of the measured Ly
and L, inductances and their related estimated Ly and L,
inductances at different current levels from 0.25 A to the rated
current 3A. The estimated inductances are obtained when the
IPMSM is operated at 1000 r/min. As one can observe, the
estimated inductances match well with the real inductances.
Fig. 8(a) and (b) demonstrate the estimated magnetic flux
linkages, which include the estimated A, and Ag at 600 r/min.
The estimated «-axis flux and B-axis flux and their trajecto-
ries are nearly circular. Fig. 8(c) depicts the magnitude of the
magnetic flux linkage, which is near 0.22 Wb.

Fig. 9(a) to (c) demonstrate a comparison of real-time
MTPA and conventional MTPA control methods with
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nominal motor parameters during load disturbance tests, from
no load to a 2 Nm load at 1000 r/min. In Fig. 9(a), the
proposed MTPA with online parameter estimation provides
a better load disturbance rejection response, which includes
faster recovery times and lower speed drops than conventional
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MTPA methods with off-line motor parameter measurements.
The speed drop of the proposed real-time MTPA is only 18%
while a conventional MTPA is 21.8%. A comparison of the
d-q axis currents is depicted in Fig. 9(b). When the load
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TABLE 2. Comparison of the proposed method and the existing method.

Sensorless Parameter Stsiz?ey- Adjustable
Method Identification . Speed
Method Position
Method Range
Error
Extended back- Recursive least Below
In[15] 4°
EMF square rated speed
Adaptive Adaptive
In[16] observer with observer with 1450 Below
HF signal HF signal - rated speed
injection injection
In[17] Extended back- ~ Recursive least +0 Below
EMF square 9 rated speed
Adaptive Adaptive Belo
In[18] interconnected interconnected 10° rated W d
observer observer cd spee
Extended back- Affine o 1.15 times
In [19] EMF projection +11.5 rated speed
Adaptive full-
Extended back- Rated
In [20] EMF state feedback +4° speed
control
In[21] Extended back- V%rrtual high- o Below
n EMF i:;%litt:inocr? 6 rated speed
1 r/min to
Proposed Current-slope Current-slope 4250 1.5 times
method measurement measurement - over rated
speed

increases from no load to a 2 Nm load, the g-axis current
increases from 0.25A to 3A, and the d-axis current changes
to a negative current to achieve higher total torque. By using
this proposed method, the d-axis current has a smaller current
ripple compared to conventional MTPAs. Fig. 9(c) presents
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a comparison of the real torque 7, that uses a torque sen-
sor, the estimated torque 7, of a conventional MTPA using
off-line parameter estimation, and the estimated torque 7,
of the proposed MTPA with online parameter estimation.
As one can observe, the proposed real-time MTPA has better
torque tracking ability when compared to a conventional
MTPA. Fig 10(a) to (c) demonstrate the performance of
the proposed flux-weakening control and the conventional
flux-weakening control when the motor is operated from
standstill to 3000 r/min with a 1.5 Nm load. Fig 10(a)
to (c) also include the estimated rotor speeds, d-q axis cur-
rents, and current trajectories respectively. When the speed
of the IPMSM goes beyond the base-speed, the d-axis cur-
rent is decreased to achieve flux-weakening control. As one
can observe, the real-time flux-weakening can effectively
reduce the d-axis flux when compared to conventional
flux-weakening control. As a result, the performance of the
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FIGURE 9. Comparison of load disturbance responses at 1000 r/min
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real-time flux-weakening control achieves a higher speed
than conventional flux-weakening control.

Fig. 11(a) and (b) and Fig. 12(a) and (b) show the perfor-
mance of the tracking capabilities of the proposed method
with various speed commands from standstill to 1500 r/min,
as well as reversed to —1500 r/min. Fig. 11(a) presents
the rotor position responses at a reversing speed command.
The rotor position is precisely estimated although the speed
command is suddenly reversed. Fig. 11(b) presents the speed
responses of a reversing speed command. As depicted in those
figures, the proposed method determines a satisfactory rotor
position and speed estimation. Fig. 12(a) and (b) demonstrate
the varied speed commands including a trapezoidal command
and a triangular command, both of which have satisfactory
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tracking responses. These results confirm that the proposed
sensorless drive system provides good tracking ability.
From the measured results, it is possible to compare the
proposed method with previosly published methods to show
the effectiveness of the provided method. Table 2 shows a
comparison of the proposed method and methods proposed
in previously published papers. As we can observe in refer-
ences [15] to [21], those papers used different approaches
for their sensorless methods and parameter identification
methods. The complexity and the computational burden on
the DSP became a neccessity that had to be compensated
for. In contrast, the proposed method in this paper uses only
current-slope measurements for sensorless and parameter
identification. As a result, the proposed method in this paper
is simpler and easier than the methods published in [15]
to [21]. In addition, the rotor position errors are slight and are
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wihtin £ 2.5°. Furthermore, a wide adjustable speed range
from 1 r/min to 1.5 times over the rated speed is achieved,
which are better results than the methods published in [15]
to [21].
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VI. CONCLUSION

A sensorless [IPMSM drive and an online parameter estima-
tion method based on current-slope measurements are pro-
posed and implemented in this paper. The proposed drive
system achieves rotor position estimation and online parame-
ter estimation by measuring the slope of three-phase stator
currents. The rotor position, rotor speed, d-g axis induc-
tances, and permanent-magnet flux are precisely estimated
without using any external high-frequency signal injection or
a complicated observer. Moreover, the proposed sensorless
drive system is operated with real-time MTPA and flux-
weakening control. Experimental results confirm that this
proposed sensorless IPMSM drive system achieves a wide
adjustable speed range from 1 r/min to 3000 r/min with
satisfactory performance, including estimated position errors
of only £2.5°, good dynamic responses, and good tracking
responses. To further improve the dynamic responses, further
studies could use advanced controllers such as sliding mode
controllers in [24] to [25] or model predictive controllers
in [26] to replace the proposed PI controllers.
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