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ABSTRACT Single current sensor-based speed sensorless vector controlled PMSM (“‘Permanent Magnet
Synchronous Motor™”) drive is presented in this paper. Speed, position, and currents are estimated using single
current sensor information of 3-& PMSM drive. 2-® currents in the dg — axes are calculated and closed in
the loop using i;‘]‘s and a phase current information obtained from the single current sensor. The proposed
method applies to all types of 3-®& PMSM; current estimation is independent of machine parameters and
inverter switching states. Drive is made speed and position sensorless by estimating using Y-MRAS (Model
Reference Adaptive System). Y-MRAS is developed using reference voltages and estimated currents. The
speed estimator depends on stator resistance; any variation in it will affect the drive performance. So, stator
resistance needs to be estimated online and compensated in the speed estimation technique. Modified
P-MRAS technique is used for stator resistance estimation. Here, the drive performance is also validated
under stator resistance variation and its compensation. The proposed drive is independent of switching states,
integrator terms, and differentiator terms. The single sensor drive reduces the overall cost of the drive and
can be implemented into the existing system for sensor condition monitoring and to make the drive fault
tolerant against the sensor failure without any extra hardware. The proposed single sensor-based drive is
theoretically-modeled and simulated in the MATLAB/SIMULINK platform. The stability of the proposed
drive is verified through a stability analysis. It is experimentally validated using a laboratory-developed
PMSM drive prototype with a dSPACE-1104 controller board.

INDEX TERMS Estimating—current, speed, position, MRAS, PMSM, single current sensor, speed-

sensorless.

NOMENCLATURE ids_est & iqs_est Estimated currents in
Labe 3-® source currents. d — g coordinates.
Is & igs Source currents in &« — B coordinates. Vas & vgs Source voltage in
ige &g Reference currents in d — q coordinates.

d — g coordinates. vy & v;"s Reference voltage in d — ¢ coordinates.
igs & igs Source currents in d — g coordinates. O O g5ty O Reference, Estimated, and Actual
lgs—est & igs—esr  Estimated currents in speed.

o — B coordinates. 0,805 o5 Actual and Estimated Position.

Iy & igg Reference currents in
o — B coordinates. I. INTRODUCTION
The PMSM (Permanent Magnet Synchronous Motors)
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and actuators. PMSM has advantages over the other: higher
torque to inertia, compact in size, high efficiency, and
power density [1]. The sensor noise will degrade the drive
performance; perhaps sensor’s failure will lead to drive
instability. The accuracy/precision of sensors (i.e., cur-
rent/speed/position sensors) limits the reliability. So, regular
sensor condition monitoring is required.

The majority of vector-controlled PMSM drives now in
use include at least two current sensors in addition to a
speed/position sensor [1], [2]. Sometimes these sensors may
fail or pick up noise or dc offset, which will affect the drive
performance [3], [4], [5], [6], [7]. Also, the cost of drive
increases with the presence of these sensors. Hence, to reduce
the drive cost, increase reliability, and make it fault-tolerant
against sensor failure/noise/dc offset, sensorless techniques
are preferred for vector-controlled PMSM drive. By using
the speed/current estimation approaches in open loop, sen-
sor condition monitoring and fault-tolerant operation can be
performed [4], [6], [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22].

A single current sensor-based speed sensorless vector con-
trol PMSM drive is suggested in this study to reduce the
number of sensors used in the drive. i.e., speed sensor &
one current sensor are eliminated. A single current sensor
drive increases reliability and stability. Some of the single
current sensor-based approaches for PMSM drive presented
in the literature are [9], [10], [11], [12], [21], and [23]. A brief
literature study on the various current and speed estimation
techniques is discussed and followed by the proposed drive
in this section. Based on the placement of the current sensor,
the reconstruction of three-phase currents is divided into DC
link current measurement, Multiple branch current measure-
ments with a single current sensor, and single-phase current
measurement [10], [12], [22], [24], [25], [26], [27], [28],
[29], [30], [31]1, [32], [33], [34], [35]. In multiple branch
current measurement methods, the current sensor is employed
to measure more than the rated current, which increases the
current sensor’s cost.

In [12], [22], [23], [36], and [37], using inverter switching
information and DC link current: 3-& currents are recon-
structed. Although it is a common strategy, it has the fol-
lowing limitations [25], [26], [35], [38]: (a) phase variation
in predicted currents, (b) short duration of active-switching
states/near the sector boundary, and (c) a low-modulation
index. Using a single DC current sensor, some techniques
are reported in the literature that addresses the shortcoming
of existing methods while also introducing new strategies
for enhancing the accuracy in the reconstruction of phase
currents in all regions [11], [28], [39]. An isolated current
sensor topology detects currents corresponding to the DC link
in the zero voltage vector sampling zone [10].

The problem associated with the short duration of switch-
ing states is overcome using the measurement vector inser-
tion method [40]. Measuring phase currents under the
sector boundary region conditions/low modulation index is
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presented in [26]. However, these approaches rely on inverter
switching states and DC link current, which need huge anal-
ysis for phase current reconstruction. Many articles are pre-
sented in the literature on single current sensor approach
drive, and few are presented here [41], [42], [43], [44], [45].
Most of the single current sensor-based systems depend on a
current sensor to measure DC link current and to reconstruct
phase currents; signal-injection/observer-based methodolo-
gies are used to estimate speed.

In [46], the observer design approach is implemented
using a current sensor to reconstruct the remaining phase
currents. However, this is dependent on machine parameters
and involves phase voltages. In [9], the currents are estimated
in dg—axes 2-® currents quantities. The rotor reference frame
2-® currents are estimated from current sensor information
and the g-axes reference current. The present estimation
method is not affected by the change in machine parame-
ters. To overcome the drawbacks of current reconstruction/
estimation methodologies, this paper presents a two-phase
rotor reference frame current estimation strategy based on
single-phase current sensor information. the proposed current
estimation is independent of machine parameters, switching
states integrator and differentiator.

Further, the speed/position is also eliminated and replaced
with the estimation technique. In the literature [1],
[47], [48], [49], [50], [51], [52], [53], [54], [55], [56] present
the speed sensorless PMSM drive. Back EMF (e), State
Observer (SO), Model-based approaches, Signal Injection
(SI), and others like Artificial-Intelligence (Al) are some of
the categories (Al). The Back-EMF-based speed estimate
approaches function better at mid to highs, but they cannot
track back-emf at zero speeds. It makes the estimation tech-
nique extremely tough.

The SI-based approach operates well at zero speed. The
primary disadvantage of SI-based solutions is the negative
effect of SI on motor dynamics. The need for additional hard-
ware for SI adds to the drive cost. Observer-based approaches
are sensitive to machine parameters, need filters and ini-
tial conditions, and involve complex mathematics analysis.
Combining “e”” with “SI’-based approaches yields superior
performance across a wide range of operations.

MRAS computes 2-functional candidates stated in dis-
tinct equations with the same quantity. Both the adjustable
and reference models are used to produce an error that
passes through PI and is closed to the adjustable model
until the error is zero [47], [54], [57], [58]. MRAS based
approch performs satisfactory performance from high speed
range to zero speeds also [53], [58], [59], [60], [61], [62],
and [63]. Other methods, such as Al, fuzzy, ANN, etc., [48],
[56], [64], and [65] are modern approaches that need a large
amount of data to train the system and are more difficult
to implement. In the study, the MRAS-based w, estima-
tion approach is applied to build the drive speed sensorless.
The following features make MRAS-based techniques more
attractive: simplicity, stability, no Extra-Hardware, reduced
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computation-complexity, independent of integrator, and dif-
ferentiation terms.

Using the proposed current estimation technique and
Y-MRAS-based speed estimation technique makes the drive
work with only one sensor (i.e., only one current sensor). The
speed/current estimation techniques can be used to monitor
the status of sensors (i.e., speed and current) by impliment-
ing in the existing PMSM drive. No additional hardware is
required to implement the proposed single current sensor-
based vector-controlled PMSM drive. Implementing a single
sensor-based drive can reduce the cost of the drive, complex-
ity in the system, increases the reliability and immunity to
signal noise as only one current sensor is used.

The Modeling of PMSM is presented in Section II
Section III discusses the mathematical analysis for current
and speed estimation techniques. Section IV presents the sta-
bility analysis for the proposed drive. MATLAB/Simulation
outcomes for the presented techniques are shown in
Section V. Experimental validation and outcomes are pre-
sented and explained in Section VI. Section VII conclude the
work.

Il. PMSM MODELING
The stator voltage in the “dg — axes’ rotor reference frame
for PMSM are shown in (1). The PMSM machine modeling

is taken from [1].
Vasy _ [ Ry +LdP —wslyg hﬁ n 0
Vgs wsLg R, + Lqp iqs WsAaf

(D
3\ . .
T, = (E) Pigs (La — Lg) ias + has 2)
T, — Tz = JPw + Bw, 3)

Electrical torque developed in the machine is shown in (2).
Equation (3) presents the electro-mechanical dynamics equa-
tion where electric and load-torque are Te and Tp, respec-
tively. P = derivativeterm (%), P = polepair, wg, &w, are
synchronous speed & rotor speed (ws = Pwy), Ry = stator
resistance.

IIl. ESTIMATION TECHNIQUES

A. CURRENT ESTIMATION TECHNIQUE

The current sensor is attached to any one of the motor phases
and is referred as phase-A in this context. Clark’s transfor-
mation is used to compute the «z-axes current from the phase-
A current. As a result, under-balanced circumstances (10) is
obtained.

; 5 1 =05 -05 iq
( 'as) _ \/j V3 V3 i (4)

18s 310 - - R

2 2 le

. 2. o
lys = g(la —-0.5 (ip +ic)) (5)
Under, 3-® balanced current condition:

io+ip+ic=0 (6)
ip+ic=—lg @)
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FIGURE 1. Block diagram presents the current estimating technique.
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FIGURE 2. MRAS structure for speed estimation.

Substituting (7) in (4), iys becomes:

o f o1 )
lys = g(la - E(_la)) (8)

- _ 23 o
o =/ 55 ) ©)

lgs = \/g(ia) (10)

The reference currents in the S-axes is formulated using
inverse Park’s transformation from dg — axes reference cur-
rents. estimated (65—.s)/Actual (6;) position obtained from
the Estimated (w,_.g)/Actual (w,) speed. i:‘k = 0 is main-
tained in vector-controlled PMSM drive.

i\ _ (cosOs  —sints \ (1
(i:f;s) - (sin@s cos O l;i an

iy = iyc080y (12)

05 =/a)sdt =P/a)rdt (13)

The afB-axes currents (i.e., iys and in from (10) and (12))
are transformed into dg — axes currents by using the park’s
transformation. As shown in Fig. 1, the predicted dg — axes
currents are employed to complete the closed-loop control.

igs—est Y _ [ cosBs  sinb Igs
(iqs—est ) h (—sin@s cos 95) (izs) (14)
3
Ids—est = (\/;ia‘i‘i;;s sin 95) cos O (15)

3
igs—est = —\/;ia sin 6y + i} cos>0, (16)

The estimation of dg — axes 2-® currents from i, and i:;s

involves rotor position information attained from the
speed/position-sensor/estimation.
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FIGURE 3. Block diagram for single current Sensor-based speed sensorless vector controlled PMSM drive.

A current sensor is connected to any one of the motor phase
terminals and referred to phase A and converted to the 2-®
stationary o8 —axes reference frame (i.e.,iys) from (10). i;s is
converted to 2-® stationary «a8-axes reference frame current
ij‘}x from (12) by using position sensor information. Further,
the sensors are reduced in the drive; the speed/position sensor
is removed, and the information is replaced with the estimated
information. ‘@B’ currents (iys and i:f}s from (10) and (12))
are converted to the rotor reference frame currents (d— and
q—axes currents) using the estimated rotor position from (14).
The current loop is closed with the estimated currents. The
current estimation method is independent of switching states
and machine parameters. The remaining phase currents are
estimated without any complex analysis from this approach.

B. SPEED ESTIMATION TECHNIQUE
The drive is made speed-sensorless with speed estima-
tion method, by using P [66], Q [54], [67], Y [47], and
X [59], [67]. All the estimation techniques perform well
under all four quadrant operations. There is no particular
advantage of Y-MRAS.in this paper, Y-MRAS is considered
for speed estimation technique; which is built from the prod-
uct of \72‘ and i;. The Adjustable-Model is reliant on unknown-
quantity w(i.e.shaftspeed), where as The Reference-Model
is independent of the speed. Error (¢) is formed from the
difference between reference and adjustable model quantity.
& produced from reference and adjustable quantities passed
through the PI — Controller (i.e., Adaption-Mechanism). The
output of adaption mechanism (i.e., ws = Pwy) is used to tune
the adjustable-model; this continues till &y, = 0.

Apart from Y-MRAS, any other speed estimation tech-
nique independent of stator resistance can be used. This will
make the drive completely independent of stator resistance.
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This eliminates the requirement of any R; estimation. This
reduces the complexity of the drive.

The expression for adjustable and reference model for
MRAS is considered form [47], [54], [66], and [68]. The
Fictitious-Quantity (Y) is expressed in (17) with reference
voltages and estimated currents as shown in (21). Substituting
(1) in (17); Under steady-state condition: % = 0, and the
condition for vector control is “ijis maintained 0 (i.e., field
producing component current =0 A):

Y1 = vysigs — Vdslds (17)
Yy = Ryiz, — Ryigs + LyigsPigs — LaiasPias + wsigsiasLa
+ wsigsiasLg + wsigshar (18)

Under steady-state condition: % =0, Y, becomes:

Ys = R, (if,s - if,s) + wsigsias (La + Lg) + osighar (19)
The condition for vector-control is “igs =0""; Y3 becomes:
Y4 = Ryig, + Oigshas (20)

For Reference-Model: Y considered which is independent
of ws and for the Adjustable-Model: Yy is considered which
is reliant on on ws. The error (¢, = (17) —(20)) is formulated
and sent through Adaption-Mechanism (PI-Controller). Here
in Eq. 20, w;_es (estimated speed) is used instead of w;
(actual speed). MRAS structure is used for the speed estima-
tion technique shown in Fig. 2. The reference voltages and
estimated currents are used in the (17), estimated current, and
estimated speed is used in (20) this results in (21) and (22).

Y, = V:;Siqsfest - stidsfext (21)
2 .
Yy = 'Rslqs—est + ws—est’qs—est)\af (22)
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=Y -1 (23)

t
Wr—est = kp * &y + ki * / Sydt + wr—est(0) 24
0

Orest = POy = / r_eqdi = P / Orendt (25

The estimated position is shown in (25) is used in the
current estimation technique and the equations are modified.

IV. STABILITY ANALYSIS

The small-signal stability analysis is presented under steady-
state for a single current sensor-based speed sensorless vector
controlled PMSM drive. PMSM modeling is presented in (26)
in rotating reference frame [47], [67], [69].

—R wsLq
M| T L (i
q's T —wsla —R; iqs
Lq Lq
1
L_d 0 Vds 0
+ D () + ] - (26)
0 Vgs WsAaf
— q _Lq
q

©)-[ 16)
Igs 0 1 Igs
In (26) and (27), the state variables are the stator currents

in d and g-reference frame. The general form of state-space
representation is:

x=Ax+Bu+E (28)
y=Cx+Du (29)
Comparing (26)-(29), We get.
—Rq wsLyq
. Lq Lq
A=l oLy —R |’
Lq Lq
1
; o Y]
B= C=
1 b
Lq
. . (30)
E= ,y—x=|:¥d3:|,D=0
—WsAaf 1gs
Lq
- (22) - (2 (5, — ies)
Vgs ) (i;;s - iqs)
_ ( r3(if, — ids) )
(1 (@ref — @F )_iqs)

where,
skp1 + ki1 skpo + kip
ry = , = )
S S
skpz + ki3 skpa + kig @D
}"3 = B rq4 =
) S
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These r,n=1,2,3&4) are the transfer function of the PI- con-
troller speed, PI- controller of g-axes current, PI- controller
of d-axes current, and adaptation mechanism in Y-MRAS,

respectively.
y= (‘i) (32)
igs

Using the small-signal analysis with respect to /x6 operating
point. (28) and (29) become:

Ax = AAX + AAxy + BAu + AE (33)
Ay = CAx (34)

Taking Laplace-transformation and substituting (33) into (34)

Ay = C(sl —A)~' [AAxo + BAu + AE] (35)

(idso)
X=\—1)->
1gs0
(AVds) ( —13Algs ))
Aau=(=—2)= _ ,
Avgs —12Algs — I Aw;
(Aids)
Ay = — 1,
Algs

where,

0 (36)
AE = | —AwPhyt s
Lq
0 L
A=, M A
— 0
Lq

Substituting the values of A, B, C, AA, Au, AE&xg in (35),
and we obtain the expression for (ilg:) and (%ﬁ:)

Using small-signal analysis with respect to ’x6 operating
point, the expressions for Ai;s, Aig, Aigs—est and Algs_eg
become

A. iy IS EXPRESSED AS

fys = 11(0) — Or—est) (37
Aity = Ar(@]f — r—esr) (38)
Aity =110 — Ay —ey) (39)
Ait = —T A0y (40)

B. A-PHASE CURRENT IS EXPRESSED IN DQ-AXES
CURRENTS

2
iy = \/g(ids cos O — igq sin ) (41)

As a small perturb is considered in speed results in a negligi-
ble amount of change in 6;. So, A6 is neglected.

2
Ai, = \/;(cos 05 Aigs — sin 05 Aiys) 42)
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C. D-AXES ESTIMATED CURRENT IS
. 3. 4 .
lds—est = (\/; i +ig, sin bs) cos b (43)
. 3. . "
Algg—est = ( EAla + sin O Ad) cos Oy (44)

Further modified by substituting Ai, in Aigs—es, We get

Aidsfest

3 /2 . . .
= (\/j(\/j (cos O Aigs — sin Oy Aigs))

~+ sin 6 Al ) COS O

(45)
By substltutmg , we get
. 3 /2 . . .
Aigs—est = (/ 5/ 3 (cos O Aigs — sin Oy Aigs))
+ sin Og(—11 Aw,—e5r)) cOS bs (46)
Aldds—_est = cos? 05 Aigs — cos O sin O; Ay
— €08 O, Sin 8511 Aw;— ey )
D. Q-AXES ESTIMATED CURRENT IS
R T
igs—est = 5lasin Os + igscos~ (43)

3
Aigs—est = _\/; sin 0, Aig + cos’0,AlY (49)

Further modified by substituting Ai, in Aigs—est, we get

3 2
Algs—est = —\/; sin 05(\/;(005 05 Aigs — sin s Aiyy))

+ COSQQSAiZS
(50)

*

By subst1tut1ng o, We get

3 2
Algs_est = —\/; sin QS(\/;(COS 05 Aigs — sin 05 Aigg))

+ C0529s(_r1 Awy—est) (51
Aigs_est = — sin 6 cos b Aigg + sin’ O Aigs
— C0S29s1"1 Aa)r—est (52)

E. ERROR FORMED IN MRAS
From (23), the error of the rotor-speed estimation is given by

e=Y -, (53)

where Y4 and Y are steady-state and instantaneous Fictitious
Quantities. The stability analysis is carried out in the rotor
reference frame (d and g-axes frame). Both the quantities are
expressed in the rotating reference frame.

&= (Vqsiqs—est — Vdslds—est)

- ('Rslgs_es[ + Pwr—estiqs—est)\af) (54)
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Vdsids—est

Pwrfestiqsfest)\af (55)

&= VqsiqA est —
— -Rsl

qs—est

Considering a small-perturb in €. A¢ can be expressed as

Ae

= VgsAigs—est — VdsAlds—est — 2'Rsiqs—estAiqs_e”

- Piqs—est)"af Awy_eg — CUr—estp)mf Aiqs—est (56)

Dividing the Eq. 54 by Aw,, we obtain

Ag Aiqs—est Algs—est
= Vgs — Vds
Aw, Aw, Aw,
Algs_est Awy_e5
— 2Ryigs—est — 2 — Pigg—esthaf ————
slgs—est Aw, gs—estMaf Aw,
Al s—est
— Wp— et Phgp —E=2 57
r—estt MNaf Ao, (57
Age Aj s—est
= (Vgs — 2Ryigs—est — Wr—est Phap) ——
Aw, (qs slgs—est r—est af) Aw,
AWy _egt Aigs_est
— Pigs_esi M -V — 58
gs—estMaf Aw, ds Aw, (58)
Substituting ’“‘S * and M in above equation
Ae .
Aw, = (Vqs - Z'Rslqs—est - wr—estp)\af)
Al Al
X (sin2 O B _ gin O cos O ds
N on
Aw,_ Awy—
2 r—est . r—est
— COoS Gsrl A—a)r) — qus_es[)\.afA—a)r
Al Ai
— vds(cos2 Oy 4 cos O, sin O &
r Wy
Aw,_
— 08 6 sin Osr; — <1 (59)
Awy
Ae .
Ao, = (Vqs - Z'Rslqsfest - a)rfestp)haf)
Al Ai
X (sin2 O B _ gin O cos O ds)
[ON @r
Aw —est .
- C0S29S1‘1 — ( gs — 2'Rslqs—est - wr—estp)\af)
r
. AWy —est
— Pig osthgr ————
gs—estMaf Aw,
Aigg . Alqs
— (cos O5—— — sinfg——)vgys cos O
( SAwr SA r) ds s
Aw;—
+ Vg5 €08 O sin Oyr) —— < (60)
Aw,
A¢ (. — 2R, Phar)
= (Vgs — lgs— — Wy—
Aw, qs slgs—est r—estt"Aaf
Al
x (sin® y—2
Wy
. Aigg Algs
x (— cos B sin Oy —L + cos? 6
( s N Awr SA r)
+(vgs cos O, sin Orq — cos*0 511 (Vgs — 2Rsigs—est
Aw t
- wrfextp)taf) qus est)\af);wes (61)

r
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) ) he; - wr-est
From the Y-MRAS adaption mechanism, from (24) and (31) % :
&0 R .
Awr—esr =14 x Ag (62) — Iqs Iqs-est las lds-est
Awr_ ¢ —~~ |
Ap = SPr—est (63) <6
T4 -+ =
c 4
Substituting Ae (i.e., (63)) in (61), we obtain g 5
>
Awy_est O 0
e 0 5 10 15 20 25
= (Vqs - Z‘Rsiqs—est - a)r—estp)"af)
., Al , Aig Time (s
X (sm2 0, —2L _ sin 6, cos Hy—=— (s)
Wy Awy FIGURE 7. Simulation results for the various load.
. Al Aig
— vgs | — cos 6 sin 6 T 4 cos? 0y >
Awy Awy . .
. . for one operating point.
+(vgs cos O sin 11 — (vqs — 2Ryigs—est — a)r_mP)\af)
Aw,— Aw,—
2 . r—est r—est
x cos“Og11 — Pigs_esthaf ) ——— (64) _
Awy raAwy
The Closed-loop representation of Y-MRAS-based speed- - (vds cos s sin Ory — (qu — 2Ryigs—est — Or—estP )‘“f)

imati i Awy—
estlmatlon. for.a single C}lrrept sensor-based Yector contrglled X cos20,r| — Pigs—est )»af) r—est
PMSM drive is shown in Fig. 4 for (72). Fig. 5 and Fig. 6 Awy
show the root Locus for motoring and regenerating modes = (vqs —2Ryigs—esr — wr,extP)uaf)
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FIGURE 9. Simulation results for step-speed command.
. Al . Ai
x [ = sin 6, cos 6, —%= 1 sin2 g, —2°
Awy Awy
Al . Al
— Vs (cos2 O ds _ cos 6, sin B qs) (65)
Awy Awy
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FIGURE 10. Simulation results for regeneration mode.

Awr—est
Aw,
x {1 = r4 (vas cos O sin 0511 — (vgs — 2Ryigs—est

_wr—estP)”af) Coszesrl - Piqs—estkaf)}

=Tr4 (_Z'Rsiqs—est +vgs — wr—estp)mf)
Algg

N
* (— sin 0 cos Oy Ao T sin? g, %)

wr Awy
Al Al
— vds(cos2 O ds _ cos O, sin B las )} (66)
(O r
Let,
ZZ(s)
= (Vqs - 2'Rsiqs—est - a)r—estP)”af) (67)
XX (s)
. Algg .2 Aiqs
= | —siné6, % Oy—— 68
( sin O cos 6 Ao + sin” 6 Ao, (68)
YY (s)
A A
= —Vys (cos2 O lds _ cos B sin 6 lqs) (69)
Wy Awy
KK (s)
= - (Vds cos 0 sin 011 — (Vqs - 2‘Rsiqs—esz‘ - 6‘)r—estP)\af)
X 052011 — Pigs—esthar ) (70)
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Awy—est

1 KK
Ao, + r4KK ()}

= 1477 (s) XX (s) + YY(s)} (71)
We get

Awr—est _ 14 1ZZ (5) XX (5) + YV (5)} (72)

Aw, {1 + r4KK (5)}

V. SIMULATION RESULTS

Block diagram for PMSM drive without position, speed, and
a current sensor is shown in Fig. 3. The presented drive
in Fig. 3 is developed in MATLAB/SIMULINK platform.
The simulation performance for various operating conditions
is presented in Fig. 7 to Fig. 12. Machine parameters are
presented in Table 1. The actual shaft speed (w,) is plotted
on the same scale with reference (wy.) and estimated (wr—est)
speed. The estimated (igs—esr &igs—esr) and reference (i;s&ijs)
currents are plotted on the same scale to demonstrate the
accuracy of the estimation quantities.

A. VARIOUS STEP LOAD

In Fig. 7, simulation-results are shown for constant speed with
variable loaded conditions. The reference speed (wy.r) is set at
7 rad/s, and the load is changed in ramp form: fromt =15 s to
10 sand t = 15 s to 20 s. The w, is plotted on the same scale
with o’ and w,_.y speed. Reference current (izs&i;‘;s) and
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FIGURE 12. Simulation results for stator resistance variation and its
compensation.

estimated (igs—es &igs—esr) currents are plotted on the same
scale.

B. RAMP RESPONSE

The presented algorithm is verified for PMSM drive for a
ramp type ! for reverse and forward motoring of PMSM
drive with a constant- Speed/Torque load (“kw,load’’) and
the simulation results are presented in Fig. 8. The motor
reference speed is changed from 5 rad/s to -5 rad/s in ramp
form. The simulation results confirm the estimation technique
performance (i.e., speed sensorless and single current sensor).

C. STEP RESPONSE

The step response for the presented speed sensorless with
a single current sensor algorithm is verified and presented
in Fig. 9 for the PMSM drive. The o is altered between
+5 rad/s at 10 s and 20 s. The o, is plotted with o} and
wr—est- The estimated and reference currents are plotted on
the same graph to demonstrate the performance of the esti-
mating method.

D. REGENERATIVE MODE

The speed sensorless with a single-current sensor algorithm is
verified for regenerative mode, and the results are presented
in Fig. 10. The speed is changed in a slow zero-crossing
ramp form: i.e., 45 rad/s to -5 rad/s from 5 s to 10 s. first
and fourth quadrant operation is performed with a speed of
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TABLE 1. Machine parameters.

“Nominal Shaft Power” (Py) 3 KW
“Pole-pair” (P) 2
“Nominal-speed” (wy,) 157 rad/s.
“d — axis inductance” (Ly) 0.0107637 H
“q — axis inductance” (Lq) 0.0553733 H

Kaf (“Mutual flux linkage between rotor and 0.553161 Wb/m?

stator due to permanent magnet”)

“Stator resistance” (Rg) 0.78 Q
Rated Current 59A
Rated Voltage 415V
Rated Torque 16 N.m

Inverter

Xy
FIGURE 13. Experimental setup.

+5rad/s, and torque producing component is iz, = 6A.
The simulation results confirm the satisfactory performance
for a regenerative mode of operation.

E. STATOR RESISTANCE VARIATION AND COMPENSATION
Figure 11 shows the speed-sensorless response with a sin-
gle current sensor algorithm for stator resistance variation,
and Fig. 12 shows the simulation results with online stator
resistance compensation. R is varied from 0.78 ohms to
0.92 ohms in a sudden ramp form in 1 sec, the speed and
load are maintained constant with 10 rad/s and 8.8 Nm,
respectively. Under mathrmR; variation, vector control is lost
(ig # 0) and at very low speeds, the drive may go
unstable [47]. So, to overcome this, we need an online
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FIGURE 14. Experimental results for change in load at a constant speed.

R estimation technique for estimation and compensation.
Online stator resistance estimation is done using [18], inde-
pendent of speed, and the speed estimation algorithm is com-
pensated. Three estimation algorithms are used to robust drive
performance against stator resistance variation.

VI. EXPERIMENTAL VALIDATION

The presented speed sensorless with a single current sensor
PMSM drive is verified experimentally using the dSPACE-
1104 controller-based PMSM drive (Fig. 13). Laboratory
prototype contains PMSM, inverter (IGBT Switches are used
in the inverter IGBT switches SKM75GB12T4), a driver
circuit, and dSPACE-1104. The inverter switching frequency
is 10 kHz, and 20 kHz discretion frequency. However,
no line current filters are required for implementing the
proposed drive. The experimental results are performed for
various speed/load operating conditions and presented in
Fig. 14 to Fig. 18 correspond to the simulation results shown
in Fig. 7 to Fig. 10, and Fig. 12.

A. VARIOUS LOADED CONDITION

The drive is verified for various loads under constant speed
operation; drive performance is shown in Fig. 14. The load on
the machine is changed in a ramp form and maintained con-
stant. igs = 0 is maintained under various operating condition
and igs shows the torque-producing current component.

B. RAMP RESPONSE: REVERSE AND

FORWARD MOTORING

The performance of the presented algorithm for the PMSM
drive is verified for the ramp speed command, and the drive
performance is shown in Fig. 15. The actual speed and @, e
follow w}, which confirms the presented algorithm’s tracking
performance with a single current sensor. Phase voltage and
phase currents are shown in Fig. 15.
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FIGURE 15. Experimental results for ramp speed command.

C. STEP RESPONSE: FORWARD AND REVERSE MOTORING
For a step speed command, the machine’s performance is
tested in both forward and backward modes, and the results
are shown in Fig. 16. Reference speed is changed In a
step type between %5 rad/s. w, and w,_.s, and o} are all
used to evaluate the drive’s performance. To demonstrate the
accuracy of the estimation technique, estimated and reference
currents are shown on the same scale.

D. NOMINAL SPEED OPERATION

The drive performance is tested for nominal speed, and the
corresponding results are present in Fig. 17. Initially, the
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FIGURE 17. Experimental results for Nominal speed.

machine is in the rest position. At 1 sec, the speed command
is changed in the ramp form to 150 rad/s. The load acting on
the machine is proportional to speed. At t = 8 sec and 10 sec,
a sudden load is added and removed. The experimental per-
formance confirms the proposed drive performs satisfactorily
under nominal speed operation.

E. STATOR RESISTANCE VARIATION

The drive is verified for change in stator resistance from 0.78
ohms to 0.92 ohms under a constant speed, and the results are
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FIGURE 18. Experimental results for change in Rs at constant speed
operation.

presented in Fig. 18. The speed and load on the machine are
maintained constant. The stator resistance is slowly varied,
shown in the estimated stator resistance from Fig. 17. The
speed estimation algorithm is closed with the estimated stator
resistance. The change in stator resistance will cause minute
fluctuation in the system, settled down under a steady state.
The experimental results confirm the performance of the

present single sensor-based speed sensorless vector control
PMSM drive.

F. ZERO SPEED OPERATION

The drive is verified for zero-speed operation, and corre-
sponding results are presented in Fig. 19. Initially, reference
speed is maintained at ten rad/s. Att =20 s and 30 s, reference
speed altered between 10 rad/s and O rad/s. The load acting on
the machine is proportional to speed, as the speed reduced to
zero results in zero load on the machine. The experimental
result confirms the proposed drive performs satisfactorily
under zero-speed operation.

G. COMPARISON BETWEEN THE SINGLE SENSOR AND
TWO CURRENT SENSORS PMSM DRIVE

The dynamic performance of the proposed (represented by
Wr—est> igs—est and Igs—eg) drive with the existing drive used
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FIGURE 20. Experimental results for two current sensors- and a single
current sensor-based speed sensorless vector-control PMSM drive.

two current sensors (represented by w,”, iy and i;). It is
found that performance is more similar to the existing system
shown in Fig. 20. So, this method can also be used in the exist-
ing industries where all the sensors are used. As a part of the
proposed drive, the authors also clarify that the speed/current
estimation techniques can be used to monitor the status of
sensors (i.e., speed and current) by implementing them in the
existing PMSM drive. No additional hardware is required to
implement the proposed single current sensor-based vector-
PMSM drive. Implementing a single sensor-based drive can
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reduce the cost of the drive and complexity of the system as
only one current sensor is used and increases the reliability
and immunity to signal noise.

VII. CONCLUSION

A single current sensor-based speed sensorless vector con-
trolled PMSM drive is presented in this paper, with speed
and current estimation using a single sensor in the drive.
The proposed current estimation technique is independent
of inverter switching states and machine parameters. The
current estimation technique uses the i”(;x, i’;, and single-phase
current information from 3-phase PMSM. PMSM drive speed
is estimated using a Y-MRAS-based approach. The speed
estimator depends on stator resistance, and thus any variation
in it will affect the drive’s performance. Here, stator resis-
tance is estimated and compensated online using a modified
P-MRAS-based stator resistance estimation technique. It is to
be noted that instead of Y-MRAS, any other speed estimation
technique can be used, which is independent of stator resis-
tance. The single current sensor-based PMSM drive indepen-
dent of stator resistance reduces the drive complexity. The
speed/current estimation techniques can be used to monitor
the status of sensors (i.e., speed and current) by implementing
them in the existing PMSM drive. A single current sensor is
employed to perform the drive operation with speed and cur-
rent estimation techniques. Cost and complexity are reduced
in the drive. Reliability and immunity to signal noise are
increased. The proposed drive is independent of switching
states, integrator, and differentiator terms. The proposed drive
is simulated in MATLAB/SIMULINK and verified on the
Hardware setup developed in the laboratory. The experimen-
tal results are consistent with the simulation, confirming the
utility of the suggested low-cost approach. The stability of
the proposed drive is reported for motoring and regenerating
mode.
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