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Sensorless Induction Motor Drive with a Single
DC-Link Current Sensor and Instantaneous
Active and Reactive Power Feedback

Slobodan N. VukosavidMlember, IEEEand Aleksandar M. Stankovyitdember, IEEE

Abstract—This paper proposes a novel torque and speed con-

trol structure for low-cost induction motor variable-speed drives
with a single dc-link current sensor. The controller is based on re-
construction of the active and instantaneous reactive power from
the dc-link current without the use of a shaft sensor. An effective
way of achieving tracking of set values of motor torque and flux is
to base the estimation on the instantaneous active’) and reac-
tive power (Q). The paper proposes a way for extracting instan-
taneous P and @ information from the dc-link current and the
pulsewidth modulation pattern. Torque and flux controllers suit-
able for general purpose and traction applications are proposed.
The paper presents analytical considerations, straightforward de-
sign guidelines, and experimental results obtained from a traction
system with a battery-fed three-phase inverter and a 7.5-kW trac-
tion motor.

Index Terms—AC drives, induction motor, instantaneous active
and reactive power, sensorless operation.

. INTRODUCTION

T

characterized by medium performance requirements and
cost (operating mostly with standard sensorless motors).

High-performance drives are characterized by an ever-i
creasing demand for faster and more precise response
velocity and position control loops. These requests origina}
from the need for improved quality and productivity of ma-
chining centers and robots. Consequently, the price, componé)
and sensor count in a high-performance servo system are Ho

the most important figures of merit.

The majority of variable-speed drives are used in general-p

HE three-phase hard-switched voltage-sourced inverﬁte1
(VSI) with a three-phase front-end rectifier and dc-Iinl§
circuit is the most common frequency converter topology. It i
widely used in industrial and appliance fields. The VSI wit
six diodes and six insulated gate bipolar transistors (IGBTS)
the workhorse of uninterruptible power supply (UPS) system
power-factor compensators [1], and static var compensat
[2]. The availability of a set of three-phase voltages wit
continuously variable amplitude and frequency provided the
impetus for wide application of ac motor variable-speed driv
[3]-[11]. These can be divided into high-performance drive
(mostly sensored servo drives) and general-purpose drive

tion, where the drive has to be capable of speed variation with a
moderate performance. In such applications, the most relevant
factors are ease of cabling and setup, robustness, and low overall
cost. Reduction of the total number of sensors offers savings
in sensor cost, simplifies cabling and maintenance, and in most
cases has a potential to increase the reliability of the system.
At the same time, digital signal processor (DSP) controllers and
software-based algorithms do not contribute to the overall price
nearly as much. Therefore, substantial research effort is focused
on improving the performance of induction motor drives oper-
ating without the shaft feedback.

The three-phase VSI topology allows for further reduction
of the number of current sensors through the reconstruction
of the phase currents from the dc-link current signal. Green
[3], [4] was among the first to propose such a scheme; using
a sample-and-hold or filter-and-hold technique, phase currents
are “seen” through the dc-link current signal in time spans when
e corresponding switching takes place. The space-vector
modulation [5] with optimal voltage-vector sequencing allows
r two (out of three) phase currents to be detected in each
witching period, and the third is recovered from these two.
ISertain operating conditions such as low modulation index, the
reference vector close {ax/3), or overmodulation make the

ase currents unobtainable directly from the dc-link current.

onditions for reconstruction of instantaneous values of phase
currents further deteriorate in cases of long power cables and
perfections of current sensors. To overcome these problems,
abetler [6] proposes a discrete modulation technique using ex-
Lésively nonzero voltage vectors. While effective in improving

< onstruction of phase currents, this approach increases the
current ripple and associated losses. Xue [7] proposes elimina-
Ir'H(_)n of narrow pulses from a pulsewidth modulation (PWM)
period, and their shifting into the succeeding cycle where

gjusted longer pulses will compensate for the volt-seconds

ost in the previous cycle. This approach is more suitable for
F}ase current reconstruction, since current sampling is easier
Fn the dc-link current comprises wider pulses; on the other
and, this approach delays the current feedback signals and
[pakes the current control more difficult.

w

pose applications such as pumps, fans, compressors, and trat'€ current sampling process is prone to aliasing, as phase
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g_urrents have a strong spectral component at the PWM fre-
quency (i.e., the current ripple). Moynihan [8] proposed that the
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effects of the ripple are suppressed. Under narrow-pulse condi-
tions, he proposed a modification of the PWM algorithm based
on a complementary alteration of voltage vectors. Riese [10] re-
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solves the problems related to narrow pulses by introducing al- TABLE |

ternating pulsewidth errors in successive PWM periods; voltage ~ DC-LINK CURRENT FOREIGHT VS| SWITCHING STATES (ABC)
pulses are adjusted in width to make the dc-link current fra
ments longer and, thus, easier to capture. Blaabjerg [11] p
posed a method and a current sensor arrangement for the

DC-LINK CURRENT FOR 8 VS| SWITCHING STATES (ABC):
V0=000 = IDC = 0 V4=100 = IDC = - 1A

quisition of true instantaneous phase current from the de-lj V1 =100 = IDC = +IA V6=100 = IDC = +IC
signal, together with the short-circuit and ground-fault prote V2=110 = IDC = - IC V6=100 = IDC = - 1B
tions implemented with only one current sensor. Pengand Fuk V3=010 = Idc = +1Ib V7=100 = IDC = 0
[15] report another approach relevant for the development pre-

sented here. Their sc_:heme relies on complete current meast ovoltaze waveform for 0 < 6 <103

ments, and uses the instantaneous reactive power of the mag vi V2 V2[ v
tizing inductance in a feedback control algorithm that produce Vo [v2 vi [VO| vi va] VO

an estimate of the speed of the synchronous reference frame( ., » 0 2 7 w0
Control of the induction motor based on explicit current regu
lation requires high-bandwidth current measurements. Sensi
circuitry must be capable of fast, ripple- and noise-free samplin
of dc-link current fragments. Signals acquired in this manne phase currents Ia(t) and Ib(t)
remain sensitive to narrow-pulse problems, and may further d
teriorate if the cable capacitance causes spurious oscillations
the dc-link waveform. These problems can be avoided if the a DC-link current
erage value of dc-link current or other low-pass-filtered quanw
tity related to motor current, flux, or torque is observed. In this
paper we propose a novel solution intended for medium-perfof *12  -I¢ Ic” +a Ha -l e +la
mance general applications such as traction. The basis for flux
and voltage control is the acquisition of instantaneous atfye Fig.1. DC-link currentwaveform versus the PWM patterrifat 6, < /3.
and reactive/()) power signal from the dc-link current wave-
form and the space-vector-modulation switching pattern. Vg ce vector over a switching cycle with a set of three vectors
use the notion of instantaneofisand( to denote quantities av- [19] (two of them nonzero and adjacent to the reference). We
eraged over a very short cycle of the PWM pattern. These quaigsume that the phasa’“and the« axis are aligned with V1.
tities reduce to well-known active (real) and reactive power ovgyhile the sequencing of the vectors does not influence the
a fundamental period of the supply waveforms at machine tefyerage voltages, it affects switching losses, common-mode
minals, justifying the terminology. Averaging of dc-link currenguantities, and current ripple, and can be adjusted to meet var-
fragments and their correlation with the PWM pattern providgus goals in practice. Each voltage vector within the sequence
P and@ signals with little ripple that are free from problemscorresponds to a state of the VS| power switches. These states
related to the power cable length and deadtime compensatiggtermine the way in which phase currents are mirrored by the
The paper presents analytical considerations in parallel with g-link current. Due to restrictions posed by the VSI topology,
perimental waveforms. The proposed structure for torque agié dc-link current may be zero (for states 000 and 111),
flux control is based on instantaneabisand@ signals, and in- 14 —Ta, +1b, —Ib, +I¢c, —Ic, (for active states), as shown
cludes self-synchronization of the rotatiorglframe. Starting in Table I, wherela denotes the current in phase ™ etc.
with P and@ signals, the controller derives flux and torque esti- Assuming the angle of the voltage referefice 6, < /3,
mates, followed by theg-frame velocity and reference voltagethe most common PWM algorithm involves the sequencing of
commandd/d andUg. The main aim is to regulate the motokectors V1, V2, and VO, as shown in Fig. 1. The time segments
torque in general-purpose applications; we do not address issgies2, andt3 are found from the reference vector amplitude and
common to high-performance drives, such as speed and positigigle [16], [19]. From Table I, the dc-link current equal$a
tracking. The paper contains straightforward design guidelinggring the time intervall, —I¢ during the time intervai2, and
and their experimental verification on a sensorless three-phasgo during the time0. The waveforms shown in Fig. 1 are ob-
traction drive prototype with a 7.5-kW induction motor. tained for the reference vector in the first sector of the hexagon
(0 < 6, < 7/3),and analogous waveforms are easily generated
for other sectors. We will show below that the instantaneous ac-
tive (P) and reactivé()) power can be derived from the dc-link
current averaged over a PWM cycle. The fragmedi: cor-
responds to V1, i.e., the active vector located in the clockwise
The hard-switched three-phase VSl is the most widely usédW) direction from the reference. Similarly, the fragmenic
converter topology in general-purpose ac drives [16]. Due to therresponds to the application of V2, which is a vector in coun-
discrete nature of the output phase voltages, only seven distitestlockwise (CCW) direction from the reference. It will turn
voltage vectors, listed in Table |, can be generated. out thatP and@ can be determined as the sum of CW and CCW
In a stationary(aw — 3) plane, the nonzero vectors form aragments, respectively. Assuming that the instantaneous (and,
hexagon, and the standard practice is to approximate any refamsequently, the average) reactive power consumed by the in-

2 10 2 tl

Il. DERIVATION OF THE AVERAGE ACTIVE AND REACTIVE
POWER FROM THE DcC-LINK CURRENT WAVEFORM
AND THE PWM PATTERN
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duction motor is positive, there is a (positive) angley which  voltageEp¢ (which is most often constant as well). The signals
the voltage reference leads the magnetomotive force. Let thi@ained in this way may be used to monitor the behavior of an
magnitude of the current vector B& + %) = I?; if switching ac drive close to a steady state (i.e, over time intervals longer
ripple is neglected, the phase currents are than2r /w). However, they cannot be used as feedback signals
, in the closed-loop control of flux and torque unless the required
1a(t) =1 cos(6, — ) X g
closed-loop response is much longer than the time constants of
ip(t) =L cos(fy — 27 /3 — ¢) the motor’s electrical subsystem, which is rarely the case. Re-
te(t) =Icos(8, —4m/3 — ¢). sponse times of several tens of milliseconds are often required in
ur_nedium—pen‘ormance drives. We are thus motivated to look for
signals that will reduce t& and@ in (3) when averaged over
fhe supply period, but will have a sufficiently high bandwidth
to make possible a satisfactory response of the torque and flux

. . Bntrol loops while being derived from the dc-link current mea-
tive power (averaged over a periodrZw of the supply wave-

forms) from the voltage vector and from current componenfurement' Assuming the PWMfrequency to be above 1 kHz, the

S i
: o T : eedback signals averaged over one PWM pefiate as good
aligned(Ip = I cos(y)) and orthogonallo = I'sin(y)) to it for control purposes as instantaneous signals. For example, one
P=KUIp (2)

PWM period averaging is advantageously used even in stator
Q=KUIq (3)

current controllers that have much shorter response time than
the controllers of medium-performance ac drives that we con-

whereK = 3/2 for Clark’s two phase to three phase transforsiger [20].

mation commonly used in the motor modeling, whilestands

1)

In a steady staté,, = w;, and the phase currents are sin
soidal and symmetric. During transients involving several p

for the voltage amplitudéw? + u% = U?) and equals the peak
of the motor phase voltage.

I1l. DERIVATION OF INSTANTANEOUS ACTIVE AND
REACTIVE POWER

In experimental setup, it is easy to distinguish the duration

of CW segments (V1 in the first sector, dc-link currepta)
from the CCW segments (V2 in the first sector, DC-link curre

—ic). Analog switches with filter-and-hold circuitry are used in

our setup to separate dc-link fragmeiitsy andIccow; a key
observation is that CW vectors in sectors 1, 3, an@b <

38, /7 < 2n+ 1) have two zeros in their switching code, while

CW vectors in sectors 2, 4, and® + 1 < 36, /7 < 2n) have
only one zero.

Average values of -w andic-cw can be calculated in each
sector of the hexagon. L&tdenote the PWM switching period,

Referring to Fig. 1, we can find the “medium-term” averages

rﬂf Iow andIcow over one PWM period” as

VED 1 (n4+1)T 1 nT+t1
CV\; = T /nT Icvv(t) dt = T /nT ia(t) dt
=ml cos(¥ — ) sin(7 /3 — ¥)
1 (n+1)T nT+t14+12
INER == / Ioow(t) dt = = —i.(t)dt
T nT T nT+tl

=ml cos(¥ — ¢ — 7 /3) sin(V). (6)

In this equationg is the spatial displacement between the

Enc the de-bus voltage, and the modulation index; then, as-qltage reference vector and the active voltage vector in the CW
suming a constant speed of the reference vector in the first se@Rbction: for example, in sector 1, the CW vector is V1 and

w/
I8 :%/3 /0 31'@(9)“;9) de
_ 1 3
=m [5 cos(p) — Wi sin(g) + o ﬁn((p)}
R O S 0
S LA
=ml B cos(yp) + Wi sin(p) — % sin(w)} .4

From these two quantities, we can easily derive active al
reactive power averaged over a period of the supply wavefor
in particular,

AV rAV pAY pAY AV
PRy ps =ml zcos(p)=——=———=Kpy P’
cw Ticow N} (¥) Epc \/gUmax U
, ; V373 1 QY
IAY — I =mIX= |2 — — | s =K
CW ccw =M 3 7 3 sin(¢) X Fpo
=Kx i = KxKyQ* )
\/gl]111ax

wherel,,,.» stands for the maximum available— 3 voltage,
Kx 0.377 is constant, whileK;; depends on the dc-bus

~
~

m

6 =46, —arg(V1) = 6,. Given#, the medium-term averages
of Icw andlccw can be determined in all six sectors from (6).
The sum and difference of the two currents is

V3
C =T (185" + 1IN = mTIT cos(p)
D =T (147" — IEET) = mTT (=% 4 cos(8)) sin(y)
+ mI 1 sin(6) cos(p) @)

whereé equalsr/3 — 26. SignalsC andD in (7) can be used to
Hgtermine instantaneous valuedb&ndQ; a practical arrange-
n%ent that yields ripple-fre€ and@ is shown in Fig. 2.

Filtered and sampled’ and D are inputs of the A/D con-
verter, whose output is fed into the digital drive controller. The
signal processing outlined in Fig. 2 is implemented in software,
and require$ = 7 /3—26 as an input. The PWM pattern is gen-
erated by the drive controller; starting with the magnitgtie
and the angléd,,) of reference (1), IGBT gating pulses are de-
rived [16], [19] together with the control signals that determine
states of analog switches CW and CCW in Fig. 2. Additional de-
tails about the experimental setup are provided in the Appendix.

Due to unavoidable lockout time (i.e., deadtime) insertion,
the voltages at the motor terminals will differ from the ones de-
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+ Prefilter | C 5 Px \ 3 E,. P
and = "o T >
cw sample V3
Inc +
Prefilter D Q)C Q
> and 1 ﬁ Epc .
ccw sample —05+cos() 2T
A
Notice: division halted
and Qx unchanged for
S=m3-20 i

(see also Fig. 1); the opening of the CCW switch is delayed by
Atk regardless of the lockout time, as it has no detrimental
consequences (active vectors are followed by a zero vector VO
or V7, and the dc-link current is zero in either case).

Fig. 3 presents experimental trace€bdnd.D signals. These
are passed through a low-pass filter integrated in the “Prefilter
and sample” blocks in Fig. 2. The filter cutoff frequency is close

5 . to 150 Hz, but residual PWM-generated noise is still visible in
(\W both traces. While the uppértrace (related to the active power)
D

shows no low-frequency variations, thetrace contains a ripple

at six times the fundamental frequency, as expected from the

definition of 6 in Fig. 2 and from (7). It is, thus, necessary to

] further process the two signals, as shown in the right portion of
5 ms Fig. 2. TheC andD signals are integrated over each PWM cycle

e of length?Z’, and fed to A/D converters at the end of cycle; si-

' ' ' multaneously, integrators are reset via a dedicated pair of analog

Fig. 3. Traces ofC and D signals obtained from the experimental setupsWitches placed in parallel with the integrators capacitors. The

running in open loop. Supply frequency is changed in a stepwise mane@maining blocks in Fig. 2, including calculation®fndé, are
from 16 to 25 Hz, having a constant rafity f = and the motor connected to ; ;

frictional load, delivering rated torque at 16 HZ.(upper trace) and (lower |mplemgnted in software. R .
trace), first-orderr = 1 ms low-pass filtering is imposed on both signals. Experimental traces dPz andQx are shown in Fig. 4; these

signals are proportional to instantaneous valuesroand ¢

. . . components of stator currents (3) and are ripple free (which will
termined by the PWM pattern. The instantaneous active POWRI ;sed for control purposes later). Note in Fig. 2 that the re-

P is weakly affected by the lockout time, as it correspondgtive power calculation has to be suspended when the voltage
(5) and (7) to the average value of the dc-link current over t%gleeu equals exactly a multiple of/3. This produces no ef-

PWM cycle. Calculations of the instantaneous reactive powglct on p and @ when the supply frequenayd,,/dt has any
@, on the other hand, require precise timing of commutatiq{yn-ero value.

of CW-CCW switches (V1 to V2 transition in Fig. 1, making
them sensitive to lockout time. Note in Fig. 1 that the transi-

tion_ from V1 to V2 depends on t_he sign of_ the phase current)y, ACQUISITION OF THE STATOR CURRENT PROJECTIONS

ib: in the caseib > 0, the transition lags with respect to the  Froy INSTANTANEOUS ACTIVE AND REACTIVE POWER

gating signals by the lockout tim&¢.; if b < 0, the lockout IN ARBITRARY FRAME OF REFERENCE

time has no effect, and the actual switching coincides with the

PWM pattern. It turns out that if the stator current lags behind The amplitudelU and spatial orientatio®, of the stator
the voltage by at leagt = /6, then the lockout time will not voltage determine the voltage components in synchronous
affect the calculation of the reactive pow@r In cases where (d—;) and stationary(«- -3) reference frames [16]. The
the current is less delayed with respect to the voltage (i.e., whgator current vector is delayed by anglevith respect to the

¢ = arctq )/ P) < 7 /6), there is a need for lockout-time com-voltage. During transients that involve several periods of the
pensation. As the phase lag chamye within a PWM cycle is fundamental, the angle varies and determines changes of
relatively small, the detection of CW—-CCW switching instarthe active(Z = I cos ¢) and the orthogongll, = Isin¢)

is based on” and @ estimates in the preceding PWM cyclecurrent component. The—y reference frame is selected so that
The compensation is implemented in software: the CW to CCW = U, Ux = 0, yieldingly = Ip andIx = Ig. Then,
transition (Fig. 2) is delayed skt With respectton?” +¢1  the active and reactive power (averaged over a pefiodf
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' ' ' ' perform calculation and integration of the electromotive force
vector. Some authors recommend phase-locked-loop (PLL)-like
dq-frame synchronization mechanisms, where the frame speed
wq, IS adjusted to achieve the flux vector that is orthogonal on
the ¢ axis. Others [12] select the frame speed according to the
current errorAig, resulting in a closed-loop structure similar
to PLL. While an estimate of the stator curreitsand<s can

be derived from( P, ?), it is not equivalent to direct measure-
ments in terms of the capability to provide a statdlg frame
synchronization. Besides the residual noisé i) ()) signals

Qx ] (Figs. 3 and 4), the detection circuit has a disadvantage common
to all dc-link-based phase current reconstruction schemes—the
L v phase current information becomes unreliable if the voltage re-
bms mains for a long time close to a multiple of 3. For this reason,
-

our d—¢ frame synchronization derives thleq frame location
directly from the voltage amplitud€ and instantaneous active

Fig. 4. Experimental traces dPxz (upper) andl)x (lower) signals obtained and reactive power

from the experimental setup in the open loop; all test conditions are unchanged dipg
from Fig. 3. Ugs = Rgtgs + WS — Wagthgs (10)
. . d)gs
the switching frequency) can be calculated from current and ugs = Rgigs + % + Waqds (11)
voltage components . .
ge comp U2 =, + 12, = R2(i3, +2,) +wi, (03, + ¥2,)
P=KUlp=K(U,L, +l[g[g) = K(UdId—i—Uqu) +235wdq(1/)dsiqs _¢q5ids)_ (12)

=KUlg=K(Ugl,—U,lg)=K(U,Iqs—U4l,). . .
@ Ulo (Usla = Uals) (Uyla = Ualy)- (8) In (11) and (12), the voltage balance in thhend ¢ axes is
The components of the voltage vector in arbitrary referenegpressed in terms of stator current and flux components in the
can be determined, provided that the lockout-time imperfectioggnchronous reference frame, is the rotational speed of the
are negligible, or compensated for. Hence, flBrand( signals  dg-frame); R, is the stator resistance. Assuming that the frame
(Fig. 4), we can derive the current vector components as follows:attached to the stator flux and that the flux amplitude is kept
. 1 Pua + Qug 1 Pua + Qug constant (which is a control objective), the time-derivative terms
ta = EW “ K U2 ' in (11) and (12) vanish. Consequently, (12) relates the v_oltage
- iPu,@ Qua iPu,@ _ Ou, amplitudel to the stator current, flux, and speed,. Magni-

ig = 2 al T 7 tudes of stator current and flux can be expressed in terrds of
Yo T U andq components as
. 1 Pug + Quyq 1 Pug + Quyq . . .
td = E “3 + U,2 = E U2 Zz :7’35 + 1(215 (13)
q
P i Pug — Qug _ i Puyg — Quyg ) 1/)52 :1/}25 + 1/)25 (14)
TOK ui+ ug K Uz If we additionally assume that the stator core losses are negli-

The stator current componeritsandi ; will be used later in  gible atlow speed, the input power to the motor can be expressed
the flux and torgque controller of the sensorless induction mot8f

drive. 2

iS = 1(215 + Z(QIS
$? =3, + 2
V. PQ-F=EDBACK-BASED SELF-SYNCHRONIZATION 5 ds qs
OF THE DQ-FRAME P = Rt 4 wag(Vaiqo — Vgstas)- (15)

In a majority of sensorless induction motor drives, decou- Replacing (13)-(15) into (12), we can express the voltage
pled torque and flux regulation is achieved by means of comagnitudel/ in terms of the flux magnitude, instantanealls
trollers implemented in the synchronodsg reference frame. and(, the frame speed,,, and stator resistande, as
The torque-related dynamics and control actions are along the 9 2.0 2 o
axis, while the excitation loop is in théaxis where voltagé/, U =Rty +wa s + 2R;P‘“
controls the flux. In essence, most sensorless control schemes 2 2 Ry 2 2

’ ) il ° =wi, s +2R,P — P+ . 16
resemble the direct field-oriented control, while the ways of ob- e K2U? ( @) (16)
taining thed—g frame speed and orientation are specific for each Thus, provided that’, ¥, P, Q and the parameteR, are

scheme. known, thed—q rotational speed,, can be derived from
The speedy, and positiord,, of the synchronous reference .
i R
frame may be derived from and 3 components of the stator, U 4 s (P2 40Q2) —2R,P

rotor, or air-gap flux. These components require observer struc- |wag| = K2y? (17)
ql = 2

tures which rely on the motor terminal quantitiés,, /), and P2
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Fig. 5. Estimator of the electromagnetic torque, the stator flux, and the stator electromotive force based on the instantaneous reactivecavet ajivalp
obtained from the dc-link current by means of the structure shown in Fig. 2.
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Fig. 6. Induction motor torque and flux controller based on the instantaneous active and reactive power feedback derived from the dc-link current.

The desired supply frequeney,, can be calculated from (17) negative torque in the low-speed range requires a reversal of the
in terms of the instantaneous active and reactive power. In ek frame and of the revolving field.
perimental verifications shown later, the stator fhlrx is ob- The “SG” block in Fig. 6 multiplies the torque reference with
tained from the flux estimator shown in Fig. 5. The estimatealconstant gair /¥?2 and provides the signaly;, at the input
stator flux &, is limited and filtered before being substitutedf the selector switch SW2H;.. is the rotor resistance). If the
in (17). Note that thelg-frame acquisition suggested in (17)otor is at a standstill, then the calculated slip frequency equals
requires no current, electromotive force, or flux-angle infothe desiredlg-frame speed. Thus, when SW1 is on and the rotor
mation. All that is needed are amplitudes of the voltage aspeed estimate, = wgq, — wsyp drops below the rated slip,
the flux and the instantaneo#sand@ signals; however, (17) the switches are rearranged (SW1 off, SW2 on), and the SG
provides only the magnitude aof;, and not the sign. Further- (slip gain) block defines theg-frame speed and supply fre-
more, due to the uncertainty in the value of stator resistangeency, performing as an indirect field-oriented controller with
R,, (17) may become unreliable when the supply frequengy a stalled rotor (Blaschke equation startup [21]). In a typical trac-
drops belowR Iyom /Unom (in p.u., wherd/,,.,, andl,,.,,. are tion application, this operating mode occurs at the startup, or
nominal voltage and current, respectively). For this reason, tiwaen the vehicle performs electrical braking down to the zero
drive controller shown in Fig. 6 produces the speed estimate dpeed. When the drive accelerates, SW1 is switched back on,
pending on the operating mode. and the frequency estimate from (17) is used, with the sign.of

It was observed in our experiments that the frame synchreaptured at the instant of commutation—indicated by the block
nization based on (17) (i.e., with SW1 on) performs well, evéil€W/CCW"” in Fig. 6.
with the motor stopped, provided that the operating mode andFor applications with frequent reversals and requiring ex-
the torque reference require no reversal of the frame of rotatidremely low speed, it is essential to insure a smooth and stable
In traction applications, the drive with SW1 on accelerates frotransition between the open-loop (SWarFF) and the closed
a standstill with controlled torque and flux, but it cannot brakeop (SWX=0N) operation. In the experimental setup, we
down to zero speed unless SW2 is on, as the generation of éineployed the frame synchronization selector shown in Fig. 7.
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Fig. 7. Frame synchronization selector. At the startup and extremely low speeds, the IFOC-like calculator deterdyrieartteespeed in an open-loop manner.
The structure insures a smooth continuous transition to the closed-loop mode with the frame speed derived from (17) calculator.

The speedvy,roc) is calculated from the, current in an tern. These two sets of data are used to obtain estimates of com-
open-loop manner, assuming = 0. The absolute value of the ponents of the stator curreits and the stator EME .5 in
frame speed is found from (17§, proc) in Fig. 7] and used the stationaryx — 8 frame, as seen in Fig. 5. Components of
in the closed-loop mode. The sign of the closed-loop spetite stator flux are obtained through the integrativf(§ + ¢)
wagnroc) (17) is determined from the sign of the open-looplock in Fig. 5] of £, 5. Although all calculations are imple-
speedwy,roc), stored when the drive last operated in thenented in software, unavoidable offsets and integration at very
—Snom < EMF < s,0, Mode. low supply frequencies may result in difficulties, manifested in

Explicit switching is avoided and a smooth transition insureaccumulation of errors and even saturation of discrete integra-
by taking a linear combination efy,rocy andwagproc) for  tors. For these reasons, the integrators are chosen to be imper-
the frame synchonization. The “IFOC” and “DFOC” weight cofect (“leaky”), and the corresponding parametés set to 0.04
efficients (Fig. 7) change in a continuous way. Whenever the ead/s. The estimated stator current and flux are used to calculate
timate (17) of the relative electromotive force (EMF) descendse flux magnitude, the electromagnetic torque, and the ampli-
below the rated slif{syom ), the drive control converts fully tude ofthe EMF, as shown in Fig. 5. These quantities are further
in the open-loop mode (“IFOC"), while the closed-loop modased for calculation of thég-frame speed and position, and for
is solely active for the EMF above £,.,,,. Between the two closing the flux and torque control loops (see Figs. 6 and 7).
thresholds, both modes affect ttig-frame speed in proportion  The proposed controller is suitable for electric traction ap-
to IFOC_WEIGHT and DFOC_WEIGHT coefficients. Experplications, where the reference command is often the reference
imental traces of the drive speed and torque at the startup amdjue. If thedqg frame is aligned with the rotor flux vector, the
reversal demonstrate smooth transitions and prove the efficiemcgomponent of the current vector will control the flux, while
of the control structure proposed in Fig. 7. the ¢ component will control the torque [16], [19]. If théaxis
is aligned with the stator current instead, the control behavior
will be similar, except in transients when the leakage flux will
cause a coupling between the flux and torque control loop.

The controller structure shown in Fig. 6 generates the voltage
commandg/; andU, depending on the difference between the

Provided that the lockout time is properly compensated, theference and estimated values of the torque and flux. Unlike the
terminal voltage components will be determined by the digitatator flux field oriented controller, the proposed scheme does
signals loaded into the timers of the pulsewidth modulator. Tiet use decoupling circuits. Instead, the fld%’(s) and torque
structure shown in Fig. 2 returns the instantaneBasidQ) sig- W™ (s) controllers perform the suppression of the coupling be-
nals obtained from the dc-linkyc current and the PWM pat- tween the torque and flux control loops. Due to the particular

VI. TORQUE AND FLUX CONTROLLER BASED ON
THE INSTANTANEOUS ACTIVE AND REACTIVE
POwER FEEDBACK
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method used in acquisition of instantanedusind ¢ signals, 04s 0.8s 12 165
residual noise remains (Figs. 3 and 4), which limits the loof '

gains. For that reason, it is likely that the performance of the e

proposed controller cannot match that of direct field-orientec o

(DFOC) controllers with actual stator current measurements| / T 375mpm
However, the torque response times of a few milliseconds ar| . 0 |

achievable (as we show in the next section), satisfying the pe| =~ = X P

formance specifications for most general purpose and tractic|

drives.
Test runs with an induction motor (see the Appendix for pa-{ ]

rameters) were performed with proportional plus integral (PI' e ONm ) " ;

flux W¥(s) and torqueW ™ (s) controllers. The proportional | ’ ]

gainkpy in the d-axis is set to 1 p.u., i.e., a flux error equal to

the rated flux produces a voltage stef@ipequal to the nominal | 40 Nm -

voltage; thej-axis gainkp, is set to 0.33 p.u. Integral gains are e
chosen to place the controller zerogat= kiq/kpy at 10 rad/s 1 L ) " . " . " )

andz, = ki, /kp, at 24 rad/s, respectively. The gdip, has a
“q tq/kpq P y gain, Fig. 8. Experimental traces of estimated flux (top trace), measured shaft

V?ry Signi_ﬁcant influence on the_performance; i.t is ”m?ted by th?peed (middle trace), and the estimated torque (bottom trace); during the drive
signal noise and by the short time constants ingtlais gov- acceleration and reversal, the stator resistance is set to correct value.

erned by the equivalent leakage inductatge Voltage com-

mandsl/; andU; may exceed the voltage limits determined by Experimental traces shown in Fig. 8 correspond to the case

the dc-bus voltage and VSI characteristics. Instead of limitinghere the drive accelerates from standstily, = 0), reaches

the components separately, the block “ML" in Fig. 6 restricts theie set speed, and makes the reversal with the correctly set

magnitude of the voltage vector. The spatial orientation of tRgator resistance. The estimated torque waveform and the

voltage vector remains unchanged, i.e., the angle correspondig@stant slope of the shaft speed confirm a good response of

to (U4, U,) is the same as the angle @, U;). The voltage the drive and a smooth open—closed-loop mode transition. At

commands are converted to the stationary reference frame usif next step of algorithm evaluation, attempts were made to

the previously described synchronization procedure. accelerate the drive from standstillithout the lockout time
compensation. The acceleration was very sluggish from stand-
still, and an acceptable torque transient is obtained only when

VIl. EXPERIMENTAL RESULTS starting speed is above 75 r/min (the case shown in Fig. 9. This

finding confirms that lockout compensation is critical at very

The described control structure was verified experimentaliyw speeds in control architectures in which terminal voltages
in a series of test runs with a four-pole 7.5-kW induction moteire not explicitly measured. The second operating mode (SW2
coupled to a dc machine (with disconnected armature) servipg in Fig. 6) is less sensitive to the voltage error caused by the
as an inertial load. Motor data are in the Appendix, togethgickout time, and thus better suited for the start of the drive
with brief descriptions of the control circuitry, the drive dig{Fig. 7.)
ital controller and the three-phase inverter supplying the motor.Sensorless induction machine control schemes are known to
The dc-link current is used as the only feedback signal. The sensitive to variations in parameters such as stator resistance.
DSP board is programmed to extract the instantaneous activéhe absence of a shaft sensor, flux, torque, and speed infor-
and reactive power from the dc-link information and the PWivhation is extracted from a subset of terminal voltages and cur-
patter generated by the TMS320E14 device capture/compgsats. This is true regardless of the structure of the controller.
subsystem. The EMF becomes much smaller than the ohmic voltage drop

In all experiments presented here, tlheframe speed is cal- R, I, at very low speeds, and the variations in the stator resis-
culated from (17) and Fig. 7; the lockout time is compensateégnceR2, may limit the performance of the drive. We explored
in software, unless otherwise indicated. The voltage referentés issue by observing the drive response Rrsettings that
uy, 5 (Fig. 7) is adjusted by adding the constant amplitude vectare approximately=20% detuned from the true value. This is
Auag = |Auag| = kAtea frwm Epc, With the spatial orien- the range of variations that may be encountered due to extreme
tationarg(Auag) = 6., — ¢ whereé, is the voltage reference temperature variations. A substantial improvement (errors typ-
angle andp = arctar{@)/P). At very low supply frequencies ically less than 10%) may be obtained by estimating the value
(waq/2m < 0.2 HZ), Au,g is aligned with the voltage refer- of R, using a simple first-order thermal model, as suggested in
ence. [21] (which was not implemented in our setup).

Variables internal to the control algorithm (such as the es-In Fig. 10, we display the drive responses for the case when
timated flux and torque) are available during tests at D/A coz, is overestimated (i.e., the value used in calculations is ap-
verter outputs of the drive controller board. The electromagnepooximately 20% above the true value), while in Fig. 11 we show
resolver on the dc brake was connected to a resolver to digita¢ drive responses wheR, is underestimated by the same
peripheral module of the control board, allowing monitoring cimount. The underestimated case (Fig. 11) results in acceptable
the shaft speed through a dedicated D/A port. overall performance, as the average torque is only slightly lower
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- 40 Nm

! Il 1

: : : Fig. 11. Experimental traces of the estimated filug (top trace), measured
Fig. 9. Experimental traces of the estimated fiig (top trace), measured shaft speed, (middle trace), and the estimated torquEs, (bottom trace)

shaft speed  (middle trace), and the estimated torqug,, (bottom trace). . h ; L
No lockout time compensation is used, and the stator resistance used withind[H@ng thq speed rev;ersal transient. The stator resistaijcesed within the
controller is set to correct value. controller is set to 80% of the actu&l, value.

04 s 08 s 12s L6s VIII. CONCLUSION

RSNV VUMY NN This paper has described a control architecture intended for
low-cost medium-performance induction motor variable-speed

L 375 rpm { drives, such as traction applications. The controller employs a

single dc-link current sensor and no shaft sensors. The control
W/WN\ algorithm is based on calculations of instantaneous active and
reactive power from the dc-link current and PWM pattern. The
algorithm is implemented in software and requires minimal ad-
ditional hardware. The motor is controlled in a synchronous
frame of reference whose speed is calculated from the instan-
taneousP and @ directly. The proposed controller was tested
on a 7.5-kW induction motor drive. Sensitivities to errors due to
lockout time and stator resistance detuning were investigated in
a series of tests. The experiments confirm analytical results and
verify the design guidelines presented in the paper.

Fig. 10. Experimental traces of the estimated fiik (top trace), measured APPENDIX

shaft speed; (middle trace), and the estimated torquks,, (bottom trace) EXPERIMENTAL SETUP DATA

during the speed reversal transient. The stator resist&rjcesed within the

controller is set to 120% of the actual, value. A 7.5-kW four-pole squirrel-cage induction motor is fed from

an IGBT three-phase inverter. Two types of mechanical loading

than the commanded value, but the torque—flux coupling is siyere made available. The motor is coupled either to a low-in-
nificantly more pronounced than in the case of corfectuning  ertia frictional load, or to a separately excited dc motor. The
(Fig. 8). The drive response is, however, significantly degradég-link voltage is obtained from a rectifier-battery setup, and
in the case of overestimate®l, tuning (Fig. 10)—there exists kept at a constant level éfdc = 138 V. The dc-link current is

a torque error in the steady state, the torque increase is unevBgasured by means of a Hall-effect current sensor. The detec-
and torque transients disturb the flux loop. Both the torque afifin circuitry givenin Fig. 2 is built for this experiment. The con-
flux loops are subject to oscillations whose amplitude and fr&#0l algorithm is implemented on a dual-processor digital drive
guency increase with rise in motor Speed and Supp|y frequerﬁg}’]tronel’ with Dallas 80C320 and TI TMS320E14 microcon-
waq; Overestimates oR, larger than 20% even lead to instatrollers. The motor/inverter parameters are as follows:

bility and limit cycles above half of the rated speed. Problems rated line-to-line voltagel/,,o,,, = 90V,

related to overestimating, are not uncommon in induction rated current?,o,, = 58 A;

motor sensorless drives where theframe speed is determined rated frequencyfnom = 52 Hz;

from stator voltage balance equations (10) and (11). This sug- equivalent leakage inductancke; = 0.16 (p.u.);

gests two ways to address the problem in practice—either setthe stator resistance?, = 0.039 (p.u.);

estimate ofR, to a value slightly below the expected value, or  magnetizing inductancd:,, = 1.92 (p.u.);

adopt one of several online adaptation methods [13], [14], [21]. rotor inductancel, = 2 (p.u.);
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stator inductancel, = 2 (p.u.); [14] R. J. Kerkman, B. J. Seibel, T. M. Rowan, and D. Schlegel, “A new
rotor resistanceR, = 0.043 (p.u.); flux and stator resistar)ce identifier for AC drive systems,Conf. Rec.

dt ab T — 45 N-m- IEEE-IAS Annu. Meetindl995, pp. 310-318.
rated torque abyom: Lnomt = 45 N-m; [15] F. Z.Peng and T. Fukao, “Robust speed identification for speed-sensor-

rated torque at standstilly,,,,2 = 35 N-m; less vector control of induction motor$PEE Trans. Ind. Applicatvol.
when operating with the rated air-gap flux, the rated EMF___ 30, pp. 1234-1240, Sept./Oct. 1994. ,

.  aiee . [16] W. LeonhardControl of Electrical Drives2nd ed. Berlin, Germany:
at: wpom = 1550 r/min; Springer-Verlag, 1996.
equivalent inertia of the ac motor and the dc brake= [17] D. W. Novotny and T. A. Lipo,Vector Control and Dynamics of AC
0.2 kg-m?; Machines London, U.K.: Clarendon, 1996.
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itchi PWM) f — 9 kHz: Ed. Piscataway, NJ: IEEE Press, 1997, pp. 138-208.
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