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An Inverter Nonlinearity Independent Flux
Observer for Direct Torque Controlled High
Performance Interior Permanent Magnet
Brushless AC Drives

Mikail Kog, Student Member, IEEE, Jiabin Wang, Senior Member, IEEE, Tianfu Sun, Studer
Member, IEEE

The controls irdqg andfz frames are generally defined as field
Abstract—This paper introduces a novel flux observer for oriented control (FOC) and direct torque control (DTC),
direct torque controlled (DTC) interior permanent magnet respectively.
brushless AC (IPM-BLAC) drives over a wide speed range  The basic difference between FOC and DTC is the way of
including standstill. The observer takes machine nonlinearities torque control. It is controlled indirectly througticraxis
into account and is independent of inverter nonlinearities, dai ¢\ rrants in FOC, but is controlled directly in DTC drives.
time and armature resistance variation at steady-states since such Thus. instead of currents. which can be measured. torque and
inaccuracies are compensated quickly by measured phase ’ . T  torg
currents. Magnetic saturations in the stator and rotor cores, Stator flux magnitude, which needs to be observed, are
cross-coupling effects of flux linkages of the motor and spiat ~ required in DTC_ d.rlves. Because torque_|§ a function of stator
harmonics in the magneto-motive force (MMF) are all considered flux vector [4], it is necessary and sufficient to observe the
in the novel scheme. There is no filter; hence no delays and flux vector with an acceptable accuracy. Hence, flux observer
oscillatory responses like in conventional schemes where filters quality is of paramount importance in DTC drives.
are employed to prevent integrator drift issue. Superiority of he To date, a wide range of flux observers have been
observer when compared to the statef-the-art schemes has been agearched in the literature and employed in driges3].
lllustrated by both extensive simulations and experimental results  +poqe can pe classified in three main categories, viz., current
of a 10kW IPM-BLAC machine designed for traction .
I model (CM) based, voltage model (VM) based and hybrid
applications.
model (HM) closed loop flux observers.

Index Terms—Direct Torque Control, Flux Observer, High A VM based observer is robust to machine parameter

Performance Drives, Nonlinear Inverter, IPMSM variations and nonlinearities at high speeds except the
armature resistance variation but it is vulnerable to
|. INTRODUCTION measurement errors at low speeds. When motor speed is low,

. . . . where the voltages and electrical frequency are very low, the
?(;A‘nl:lbsu ZS;TAJ;S;\::] Ir:,iﬁ:;?éslstomoglcnog{fr{;?]r;ylm;;nce:lriﬂux estimation is greatly _influenced b_y invc_erter n_onlinearity
vehicles (EVs) since they can use renewable aa d_not accyrat_e. Accordingly, the dr|_ve m_|ghfc _fall since the

sustainable energy technologies Mix information in the contro_ller may differ significantly fr_om _

. T . . .the actual one. In fact, machines cannot start properly with this
IPM-BLAC machmes are widely and _mc;reasmgly used .'%hstimation method [10, 11, 1¥B]. In such cases machine
EVs due to their superior characteristics such as hi eration has been investigated either above a certain speed or

Eg'r?é%nfnyé Ir?(\el\tls nﬁi'sﬁ’ fig\évvcgg);erz?rfsii&??:;sgﬁﬁts gsgr e observer has been manually switched from CM to VM
Y » g 9 P y de. These observers are also remarkably sensitive to

wide speed range, and highest torque to power ratio of erter nonlinearities, dead-time, and armature resistance

machines due to high saliency and reluctance tofiy: variation even at high speeds unless they are compensated.

In modern electric drives, control of AC machines can b'g rther, as VM based observers are vulnerable to pure
classified into 2 categories based on the rotating contrl?,'\# :

. - egration due to drift issue, generally LPFs are employed to
ames wnch e otou an sator fuxk IFL_1) tomes pande he issue [9, 11, 5] resuling i celayed anc
ggéleqa anjz the stator flux anglg — 6, + 8, respectively oscillatory response as the filtered outputs require necessary

Ve f — Ye ’

phase and magnitude compensations.
A CM based observer, on the other hand, is robust to
Manuscript received September 23, 2015; revised DecefiiheP015; measurement error_ at low Speeds; .hO.Wever' this ”.‘etho_d. IS
accepted January 25, 2016. vulnerable to machine parameter variations and nonlinearities
The authors are with the department of electronid aectrical which is an important drawback for high performance IPM-
engineering, The University of Sheffield, Mappinegt;, Sheffield S1 3JD, BLAC drives whose parameters may Change Significanﬂy_ Ina

United Kingdom (e-mail: mikaelkoc@gmail.com, j.b.wang@skéffac.uk  actical application, magnetic saturation, temperature,
tianfu.sun@foxmail.com).
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e magnetic saturation in the stator and rotor cores,

e cross-coupling effects of dg-axis flux linkages,

e spatial harmonics in the magneto-motive force (MMF),
and is robust against:

e armature resistance variation with temperature,

e the voltage drop on the inverter output,

\a(‘“?’
© e dead-time.
Moreover, it avoids torque-flux oscillations due to filters
S and performance deterioration during speed transition and at
| TRANSF. low speeds of the conventional schemes. Hence, the IPM
AW AR drives with the proposed observer has high performance over
la™ Wh=0 a wide speed range.

Fig. 1 Stationaryd{), rotor dq) and stator fluxf) reference frames 3 7 Transition s Transition
VM

- _trajectory ~ trajectory
manufacture tolerance, cross-coupling, and variations on the N
material properties might greatly contribute to deviations of
the parameters [20] and machine nonlinearities from those (. 7.,
used in the CM based observer. % R

Considering merits of CM and VM methods, an HM (a) conventional (b) proposed in [8]
observer has been developed in [5] and improved in [8]. Th&. 2 Transition trajectories of HM observers from CMW/ mode
HM observer structure has been commonly used in the
literature in recent years for not only IPM-BLAC machines Il. DIRECT TORQUECONTROL
[13, 2123] but other machine types [8, 18] as well. Therefore : ;

a large number of statef-the-art DTC drives utilize CM and A Modeliing of IPM BLAC Mac'hlnes . .
VM based observers at low and high speeds, respectively. Clark and_ Park' transfo_rmatlor_ls of 3-axis stationary ABC

The HM based observer structure, however, still has tfgme equations give 2-axis rotating reference frame equations
drawbacks of CM and VM based observers at low and higf AC machines. Rotor (dq) and stator flug) frame
speeds, respectively, and introduces performance deterioratiBRdelling of machines are obtained when the rotor a(dyle
during transitions from CM to VM or vice-versa. The fluxand the stator flux angl€6; = 6, + &) are used in Park
transition trajectory is illustrated [n_Fig2la. Attempts are transformations, respectivemb. The well-known peak
made in [8] to linearize the trajectory for induction machinesonvention modelling of IPM-BLAC machines in rotor frame
as illustrated ifi_Fig.2]b. Indeed, performance deteriorationare given as follows [4]:

still exists during flux transitions and linearization Vd] —R [Id] +i ‘Pd] +W[—‘Pq] (1)
implementation is complicated. More importantly, Vol = 7 Ugl * de LY v,

inaccuracies of flux estimation in the VM mode degrade the Y] _ [La O7[la 7 2
accuracy of the HM based observer even at low speeds and l}’q] - [0 Lq [Iq] + [ 0 ] @)
vice-versa. Because the VM based observer accuracy becomes 3p

extremely poor when the speed approaches to zero, the Te =7[lpd1q_lpq1d] ©)

performance and current waveforms of the drive withHMe  wherel,,, V44, W44 are the rotor frame currents, voltages and
observer significantly deteriorate. flux linkages, respectivelyZ,, is the magnetic flux linkage, p
Estimation inaccuracies of an HM based observer might pgthe number of pole-pairg, is the phase resistance, w is the
high at low speeds, depending on the level of magnetfectrical angular speed, is the electromagnetic torque and
saturation. To handle this, [9] proposed a modified HM,, —are thedcraxis inductances, respectively. Transformation
observer for FOC drives in order to improve current controllgfom the rotor frame to the stator flux frame can be obtained

performance. The modified observer is robust to parametﬁbmas follows:
variations at low speeds but its performance deteriorates when

speed approaches to zero. Further, it is difficult to balance the [if] = [ CO,S(S Smd] I;fi] (4)

trade-off between the controller and observer bandwidths for ’ —sin§ coso : .

optimal performance. Recently, the work reported in [ here F can be any current, v0|jta_ge or flux Imkage veot.

proposed a disturbance input decoupling observer structure wn as th? torque angle and itis constant in steady-state.

a DTC drive similar to that in [9]. The proposed techniquE"MLEig. 1it can be found that:

aims to achieve robust estimation even at zero speed. ;. o _ ¥q & cosS = Fa (5)

However, the use of high pass and low pass filters not only A s

increases the complexity, but introduces inevitable time delawhere ¥, is the magnitude of stator flux linkage vector.
Ultimately, observer inaccuracies will affect flux and ta@qu Further manipulations of equatidns](L) -](5) give modelling of

control quality and hence, the drive efficiency. To address thiBM-BLAC machines in stator flux frame as follows [4]:

problem, a novel flux observer for direct torque controlled v I d 0
IPM-BLAC drives is proposed in this paper. The proposed [f] = R[f] +_[q’5] +Y, ds (6)
observer accounts for: Ve I 0 w+ dt

0885-8993 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2524644, IEEE
Transactions on Power Electronics

TPEL-Reg-2015-09-1641 3
3p (W¥ sinG  (Ly — Ly )2 sin 26 [(Z3)]for FW operation; hence FW is achieved automatically in
T, = 7( L ZqL L ) (7) DTC drives. The stator flux and torque are controlled/py
d abq

andV; voltages, respectively; andV; voltages are limited by

where [V V]" and[ls [;]T denotes thgr frame voltage . —
and current vectors, respectively. Substitufind (4)[anH (5) ffle over-modulation (OM) block as shown[in Fig] 3. The

. : : . differences between inputs and outputs of the over-modulation
the current vector info (B) gives electromagnetic torque as: block are fed back to the flux and torque PI controllers as anti-

T, = 3_quSIT (8) windup (AW) to prevent the integrators from winding-up. The
2 coupling term (w¥,) in[(6) is compensated by the feed-
B. Current & Voltage Constraints forward as shown in the figure. The reference stator flux

Equation§ (9) arldip)]give current and voltage constraintsamp“tUde is used in the decoupling as it is clearer than

of any AC drive. Fro ) one can obtain the curren‘?fSti;nated' Feegt}?ck (FB)dIoop is empIO)I/ed as a compensatifon
R L T - ; of the estimated flux in order to prevent late FW triggering o
limitation as shown i Substituting 71)]into[(8) yields the machine.

limitation of electromagnetic torqlid2)| Considering steady-

state and substitutiqg (6) inidq)] yields Hence. the Linear torque control conditions can be found in [3, 4, 25]
stator flux magnitude limit may imposed@ln order for a The maximum torque angle is 9Gor nonjsallent machines
machine to operate in a FW region, too. (surface mount permanent magnet machines - SPM}, fbB5

synchronous reluctance machines (SynRM), a9 <

Iy = \/15 +1z = \/1} + 12 < Loy (9) Omax < 135° for salient PM machines where saliency ratio is
defined asp = L,/L4. Low saliency f ~ 1) tends to 90and
— [p2 2 _ |yz 2 high saliency tends to 13%or IPM machines [13].
g \/Vd th \/Vf 1 = Vinax (10 It has been shown that constant switching frequency based
DTCs are superior to variable switching frequency based
I < |Lpax’ —If2 (11) DTCs in many aspects [14, 26]. Hence, space vector pulse
3 width modulation (SVPWM) is increasingly employed in
T, < 5P Y |hnax” — I (12 recent drives [2B1]. Therefore, the reference voltages
generated in the stator flux frang®) are transformed into the
Voo — (R If)z —RL 13 stationary reference frameaf) by the inverse Park
Y, < 13 transformation before being fed to the SVPWM block as
w shown iff Fig. 3.
Current limit in DTC drives is satisfied by limiting torque |t is evident that current waveform deteriorates and torque
[(A2)]and FW is achieved by8)] ripple increases in 6 step operation @8- Hence, the voltage
C. Control Scheme is limited in the linear region by the inscribed circle of the

- . . . _hexagon to prevent OM [35].
illustrates the schematic of the proposed direct g P [35]

torque controlled IPM-BLAC machine drive system, where
“*> and “V denote reference and estimated values, . ) ) )
respectively. To achieve MTPA operation the stator flux The dg-axis observer voltage equations in s-domain are
amplitude is generated by a predefined LUT [19, 24] who&Ptained frorh (1)):

input is electromagnetic torque demand. The flux is limited by

Ill. PROPOSEDFLUX OBSERVER

FB loop / L v
i proposed flux . fI - meE
{ compensation / with A 3
Eqn (13)  f= e A
l‘"s,FW
Limiter y
Eqn(12) Lpﬁ PI N p— . By
VA with AW] Vf* - Ve
¥s mrpa Ferror i/ INC L/ liNvERSE | Switching commands
| * PARK
LUT . @ - L
Limiter seome O IRANSE, SVPWM Voltage Source
— T |~ Torvor Inverter (VST)

— PI [ e
Torque W Vi +:@ Kl ~ 5?1:1501
input - B N v Y

I.‘;V
. f ¢ IPM-BLAC
fp ) Machine
2
S
(oA
/ 6fﬂ /)% lf ab
= 5, T
Irerd 2. ¢ d
f e @ I
I+ - a Current
2 / Transducers 0
CONTROLLER ¢ / e

Fig. 3 Proposed DTC scheme of IPM BLAC machine
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V. (s 1.(s w1 [®.(s general more accurate than the inductances-PM flux
[Vd**gs)) =R, [f:gsg] + [VSV SW] [l?,dé; 14 representations given [ig)]as the cross-coupling effects of
q q

tgg};elxis fluxes are accounted. It should also be notedl 14t (
not estimate the flux linkage in its simple form due to the
integrator drift issue. However, the drift will not be present in
the proposed observer in Fig. 5 due to the Pl compensators.

where ** denotes the inverter reference voltage, » denotes
estimated value of thégaxis flux linkages andr,, is the
nominal value of the armature resistance. Tigeaxis flux
linkages are functions of thdg-axis currents and the rotor
position. Theyare obtained from finite element (FE) analysisA Observer Error Analysis:
of the machine or by experiments. For given flux linkages, model dependafttaxis currents

Wy =f(lg1,,6.) & ¥, =9g(ls1,6.) (15) are given by any 1(7)] [(18)] or [(19)] However, FE or
From{ (15)] dg-axis currents can be determined by performin xperlmenta}lly derived models in the observer are not perfect
inverses off andg functions: uet tp Idewatu:Jtn of .tr;.e paradmeters:.]c Atny. de\tllalltlon du? to

1 _ 1 material property variation and manufacturing tolerance (e.qg.
la _,f (lfud'lfud’ee) & lg=g (%’W"”H‘?) o (16) assembly gaps between magnets and the rotor core) can be
_ High fidelity and computationally efficient, three gaqjly removed by simple calibration based on back-EMF
dimensional (3DHg-axis flux linkage maps and their inversespeasurements [36, 37]. However, the parameters might

which give thedgaxis current maps of a machine, argjeyiate depending on the motor temperature. Subtrdcting (1)
described in detail in [36, 37fFrom thedg-axis current maps from[20)Jyields;

of a machine, one can find estima}tkqiaxis currents fromthe Ay () AR 1,(s) s —wi[AP,(5)
e§tlmated fEJX IAlnkages asAfoIIows. o AVZ;(S)] = [Iq(s)] + [W s ] [Al}’q(s)
Ii=r%(%9,%,6.) & I, =9g7"(%,,%,6.) (17 K

. : : e L 21
Spatial harmonics are accounted I¥){since#d, variation is N Ko+ 0 [Ala(s) (@1
included in the inverse functions. 3f), functions can be 0 K +ﬁ Al (s)
converted into 2D by taking the mean value of the rotor angle L

over one electric period. Thug;* andg~' functions i@ whereAV, AR, A¥ andAl represent the voltage errors between
become 2D functions as given [id8f] which requires less inverter reference and motor voltages, the resistance error
memory in the observer. By way of example, Fid] (ab) between actual and nominal value, the flux linkage error
show the variations ofigraxis current maps versudraxis between actual and estimated fluxes, and the current errors
flux linkages, respectively, at0°C rotor magnet temperature
for a 10kW IPM machine designed for EV tractions.

id = f1(¢d'¢q) & iq = gl(¢d:¢q) (18)
Alternatively, the machine parametelrg, L, and ¥, are

modelled as functions ofig-axis currents. Frorh_(P), one
obtains the estimated currents as follows:

. P, —w U, . P
j=—t mda m(lalq) & [ =—29 _ (19
Ld(ld,lq) a Lq(ld,lq)

The estimatedl,, currents in[ {7)| or|(18)] or nonlinear
machine parametet.,, L, and¥,, are stored in the observer <

~

as look-up tables (LUTs). The model predicted currents in any” -

of[(TN[(18)] of (L9)]are compared with the measured currents  #4%
and the errors are employed to adjust the input voltages as
given i 20)|

[Va**(S) _ R [Id(s)]_l_[s —W]
n w s

qﬁd(@] _

Vq**(s) - I, (s) l]’?q ) Fig. l4_1d_q—_axis current maps versdg-axis flux linkage:
K; SR

Ky +50 0 [1d (s) = Iu(s) =0 : |
0 Kp + i Iq(s) - Iq(s) : J :

g . . VoM oy I g 1,

where K, and K; are the proportional and integral " % Ly vf: Fig. 4 (a-b) j If

compensators of thig-axis flux observers, respectively. s = :|> :"’
The schematic of the proposed observer is illustrated in | I
The current errors in the scheme are driven to zero in | :
steady-states. By doing so, the flux estimation errors due to | |
inverter nonlinearities, dead-time and resistance variation with : [t :
temperature are compensated and the resufgntwill be o3 : < 1| spposersy | |
much close to their actual values. 7, . ﬁ‘_ OBSERVER :
| Eqn. ()¢ )

It should be noted that any formg d@f7]]|(18)| o (19)|can ;2;3; ___________________________ |
be employed in the observer. Howeyetr7){and @8)are in  rig 5 proposed observer scheme
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between model predicted and measured currents, respectivalyy modelling error in the observer still exists. In this case, the
The model predicted currents are obtained frd@&]( observer has a filtering effect for reducing measurement noise.
[id] |:f1(¢d' lf/q)] Af, The voltage feedback loop[in Fig] 3 similar to that in [38] is
il = g oAt ] proposed to compensate for the modelling errors in the field
I 9:(#, %) 1Ag: 22)

weakening region.
1AW= AV, W — AP | [Af gred
T g1 (Yq =AY, ¥, — AY) Ag, B. Feedback Flux Compensation:
where [Af; Ag,]T are defined as modelling errors. From Deviation from the calibrated FE model is dominated by
Taylor’s expansion, the above can be expressed as: the change in machine operating temperature. A temperature
R sensor might be utilized to compensate such modelling errors.
[Id However, this inevitably adds cost to the system and measured
i d d A
Iq Ilgl(avd,l,vq) + alf,: (—A¥,) +£(—A%)Jl 91
q
wheref, (¥, ¥,) = I; andg, (¥4, ¥,) = I,. Hence,

q

ofs o,
(£, ) + o0y + 9 |
| ¥, ¥, |+ Af1] 23

winding temperature might be different from magnet
temperature which affects modelling error on flux-linkage.
The temperature effect on the stator flux linkage is

i, I i1 Jio] A% Af, invegt?gatgd With' a .prototype IPM  machine whose
[f ] = [I ] e J ] AW ] + Ag ] (29 specifications are listed in Table I_. Table Il presents stator flux
q afq 21afzz qa 1 s vector behavior of the mach_lne at d|ffe_rent operating
where J;; = ﬁ'hz = o)1 = %,jzz = ﬁ. temperatures when the torque is 20Nm. It is seen that the
Therefore, thelgraxis currqent errors @lare Siven by: increase of thg temperature results in decrease in the _amphtude
B ' and increase in the angl&)(of the stator flux vector. This can
Ala] _ [Ia - Ia] _ [ ]12] [M’d] _ [Afl] 25 be simply explained by reduction of the magnet flux linkage
Al, I, -1, 21 J22l1A¥ ] [Ag, (¥,) with temperature. Hence, underestimation or

overestimation of the flux amplitude occurs when the magnet

Substituting 25)]intd] 21)]gives;

[A K +Kl- ] temperature is lower or higher than the reference temperature
AVd(s)] ) [ARld(s) | fil Kp + I+M[Alpd(s) 26 (e.g. 70C in [Fig. _4), respectively. Consequently, the
AV, (s)] T [ARI,(s) K, AY,(s) estimated torque angleS)( will be greater or less than their

[Agl <Kp +?>J true value. Because torque is a function of the stator flux

vector, the opposite trend of the change of amplitude and
torque angle due to temperature results in a less effect on the
torque estimation error.

whereM = (Kp+%)]11+5 (KP+%)]12—W

(Ko +5) o +w (K +5) Jp +s

Underestimation of the stator flux amplitude results in the

The resultantdgraxis flux linkage errors of the proposedfact that the drive will reach voltage saturation before field

observer scheme is obtained fifa?6){as;

A%, (s)
AT ()] = AP ~ A + V() (2D

weakening is introduced in the stator flux control. The
underestimation can be compensated by the voltage feedback
loop as illustrated if_Fig. |3. When the stator flux is

whereA¥;, A¥;, andA¥), are the estimated flux errors due tounderestimated, the actual flux is greater than the estimation,
inverter voltage drop, resistance variation and modellingnd hence the amplitude of the control voltage vector will be
errors, respectively, and given[t38] greater than Mixand the voltage error is used by the feedback

1 [AVa (s)
A (s) =M AVq (s) TABLE |
ARI (S) SPECIFICATIONS OFPROTOTYPEIPM MACHINE
- d
A%y (s)=M ! [ARI (S)] Number of pole-pairs/Nominal phase resistance 3/0.0512)
q (28) Continuous current/maximum current 58.5A/118 A
DC link voltage 120V

Base speed / maximum speed 1350/4500 r/min

o1+

APy (s) =M1t K Continuous torque / peak torque 35.5/70 Nm
A K. + i Inertia (J) 0.0073kg.m?
91\ Fp s Viscous friction coefficient (B) 1/300 Nm.s/rad
The steady-state flux linkage errors are obtain¢®@B) Peak power below base speed 10 kw
AW (S)y 9 ( Peak power at maximum speed 7 kW
. d o o .
£§r& [Nqu (s)] = £1_r)r(}NP, (s) £%AWR (s) + H%AWM(S)

_[0] _[0] 4 €1 (29) TABLE Il
h [0] [0] [Cz] STATOR FLUX VECTOR ATDIFFERENTTEMPERATURES

M~ ¢, ¢, and detailed theoretical analysis are given in the

: . . Motor magnet temp(°C Y| (Wb 6(°
appendix.c, andc, are constants associated with the steady 930 RC) | 5'1254) 3(0)
state d- and g-axis flux linkage errors of the proposed 60 0'1342 308

bservel.29)|theoretically verifies that the proposed observer ® ' '
oS : Hly prop SEVe 100 0.1328 318
is independent from inverter voltage drop and resistarnce 30 0.0837 339
variation which are significant issues of conventional (b) 60 0.0832 35
schemes. Such inaccuracies are driven to zero at steady states 100 0.0821 36.7

with the proposed observer. However, the last term shows that (&) MTPA (w,, = 1000 r/min) (b) FW (wy, = 2500 r/min)
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PI controller to compensate underestimation. Therefore, late Speed (r/min)

. . . . . 500 | 1000 | 1500 | 2500 | 3500 | 4500
triggering of field weakening operation due to flux a: Stator FluxEror (%) biTe Error (%)
underestimation can be avoided with the proposed scheme. If o A—paba ha hoa t—a
the stator flux amplitude is overestimated, the drive will enter Sl 828 35| 29 31 24 25 14 28 15 27 23
the field weakening operation before the voltage limit is °e_§_ 38 5|35 31 28 3 3F 26 42 34 4
reached. However this results in lower estimated torque angle g_g 8|5 28/27 3|18 1] 17 1 o
(6) for a given torque and hence the net effect on torque and |3 2|2 3] 6 64[34 4f 19 19 27 28 %
drive efficiency is not significant. g 2 El74 85| 44 59 27 28 4 4P a%%

12885 86| 32 3§ 15 1 %
IV. SIMULATION STUDIES g|* 8o 10542 5| 24 2 K
. . S (112 13|55 7|37 34 3
Several observers will be compared and superiority of the R = o
proposed observer will be evidenced by simulation results in (a) ConventionaHMyoy observer [5]
this section. To simulate the real electromagnetic behaviour of Speed (r/min)
the IPM machine (Table 1), a high-fidelity and R BTr 0 5iTe Brer
computationally efficient machine models [36, 37] at different a_bia bLa bia b a a

. . . . -11 -2|-11 -2|-11 -2|FB -05FB 0.7/ FB -1
magnet temperatures are employed in the simulations as given

in[(16)] Inverter nonlinearities are modelled in the simulation

20

-0.3 -0.4 -0.3 -0.% -0.3 -0/6FB -0.2| FB -0.4| FB -0.5
08 131 08 1.3 08 1B 23 02 29 -p2 3

3
o
O =
. ! ; ¢ 3
with the d_e_\/lce_ data obta_lned fromanufacturer s datasheet. £ |E 304 15 04 148 15/F8 04 o
The specifications are listed in Table Ill. The following o 2(2°8]-01-09-01-08FB 05 FB 0.1 %
observers are employed in the rest of the paper: g |2 2l0s 14/ 03 14 04 of 11 ds ?f;
. =5
e CMnom represents the current model observer with 2801 2|01 2[FB 41 %ﬁ“"o
nominal machine parameters wherg, L, and ¥, are 28] o g o -0gFs 05 kS
0.545mH, 1.571mH and 0.11Wh, respectively. S|0108 0 0§ 09 0 2
MTPA FW

e CMyyr represents the current model observer with (b) Proposed observer

nonlinear machine parametetg(ld‘lq),Lq(ld,lq), and  Fig. 6 Torque-Flux estimation error percentages atigtstates

Pnalg)- operating conditions. Torque error at steady state with the
e VMpr is the voltage model observer where flux iroposed scheme is within 2%, whereas the error might

estimated in the stationary frame employing LPFs witficrease up to 13% with themou observer. Similarly, the

required compensations. The cut-off frequency of thBux linkage error is within 3% with the proposed observer but

filters have been set to 10 Hz. it might increase up to 11.2% with theMwu Observer.

e HMuom and HMur are the hybrid model observers whichNegative signs in the figure indicate that actual value is
combine VM with CMiow and CMur, respectively [5] greater than the reference since estimated value follows the

The transition speed from CM to VM or vice-versa in Hnvfeference in the controller. Thus, any negative flux error
observers is set to 500 r/min. indicates late field weakening and positive error causes early

e HMyut near is the HMur observer with linear flux ﬁﬁld weakening. Qneﬂcan also d?ﬂ“?ﬁiﬂfro g. er;.(ar)] that
transition trajectory as showr{in Eig}b [8]. there is no negative flux error with tiaow observer whic

Current-flux linkage maps shown[in Fig] 4 (a) and (b) at tHyoves that the FB loop cannot compensate the steady state

reference temperature of Mare employed in the proposede"ors of the estimated flux since the voltage will not saturate.
observer where the proportional and integral compensatd_llgwever’ FB m-(b) ShOWTQ’ that feedback Ioc_)p
have been set as 6 and 30, respectively. compensates flux errors in FW region when the machine

illustrates the steady-state errors of the estimated st4fgPPerature is lower than the reference temperature. It should
flux linkage amplitude and torque which result with th e noted that any increase in the machine temperature reduces

proposed and conventional observers. Observer accuracies! ?s?:rcvceurrsacs)i/ngtfatgtram\g\t/lure:ancrjezgggr?ct:?n?:?g;;ae?syporfo;,)\/rltigﬁzle?o
shown as percentages of their actual values defined . - )
(Estimated-Actual)/Actual x 100. Motor magnet and windingt mperature of the machifie. Fig] 6-(a) shows that its effect on

temperatures were varied but they are assumed to be the S%Eﬁ observer is much more severe than the modelling error of
in the simulations for simplicity e proposed observer. Simulations with other two hybrid

The proposed observer with the proposed FB compensatl(%l'r)lserverSHMLUT and HMur unear have also performed, and
scheme presents very low estimation errors over wi € results are similar to that shown in Fig. 6 for M It

as been found that poor accuracy of the VM based observer
interferes with the CM based observer at low speeds, and
hence resulting in poor performance of HM type of observers.
Further experiments on this effect were performed and the
Ts - Sampling period 12%us (8kHz) results are presented in section V.
T - Dead-time to prevent shoot-through 3us shows actual torque and flux linkage responses by

TABLE 1l
INVERTER SPECIFICATIONS

Vs, - Threshold voltage of active switch 0.85V .

VP, - Threshold voltage of freewheeling diode 0.8 V the_VMLpF baged observer when the mach|r_1e operates at 1000

RS, - Onrstate resistance of active switch 5m0 r/min. ldeal inverter has been used until 0.5 second and

RD, - On-state resistance of freewheeling diode 4.5 m thereafter nonlinear inverter with dead-time has been
Manufacturer Siemens represented in the simulations. From the figure, it is seen that
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observer is used, the actual torque and flux of the machi
reduce due to inverter voltage drop. It is also important to no
that there is an oscillatory response witfM pr based

observer. This is due to presence of the low-pass filters a

that the influence of the inverter nonlinearity and voltage drd
on the VM based observer in the study is relatively large sin
the DC link voltage of 120V is quite low.

" UOIAUUO)) AINOG
aseioA DA

o)
s :
o 0.14 5
0.135
0.13
0.3 0.5 0.7
Time (s)

Fig. 7 Inverter nonlinearity effect when VM basdiserver is employed

- " . a =y e S
Inverter g N S,
g%%%egvg A7
b T
b) Power electronics converter setu
observer both in MTPA and FW regions of a DTC based IPMg. 8 view of the (ex)penmemm hardware setup p

V. EXPERIMENTAL RESULTS
In order to validate the performance of the proposed

drive, a test rig with a 10kw IPM-BLAC machine drive 800 ) _
designed for traction applications for a wide speed range - 3 Iy i P H s
operation has been established as shon in Fjg. 8. The IPME PSRNy S DU S P R PR 1228
machine, torque transducer and dynamometer are shown irg WU SRRRA AN\ O SV} WS S v .
. = o b ) . aadts 1 4 1 4 =
[Fig._8a, and the controller and inverter are sho}n in F]g. 8-% 300 Lt oy 1 (- 3
b. Highly nonlinear machine parameters can be fann@o0] — Speed Te (conventional) Te gproposedﬁ <
and the motor and inverter specifications are provided in Table 50 70 90 110 130 150
I and lll, respectively. The motor is controlled in torque e

control mode and the speed is loaded by the dynamomefdg: © Transition issue of conventional HM based pfess

The rotor position and the machine torque are measured by a | al
magnetic encoder and a high precision in-line torque /’"ﬂ"\ /”\ Ib
transducer, respectively. It should be noted that instantaneousy 0 N\ / L lc
torque cannot be captured due to limited bandwidth, thereby= \ / \ /

the mean value of the resultant torque is illustrated in the
figures. The current waveforms are captured by a power

o —2
o
N
ol
o
o

analyzer. N

For the purpose of comparison, both the gMbased and (a) HM.ur observer [5]
proposed observers are implemented in the drive and tested.
[Fig. 9 illustrates the inherent problem of the HM based  3° J/“ﬁ,\‘\ :Z
observers which would exists in recent drives [6, 22, 23] _ /\ / \ / e
Because the CM and VM based observers are dominant belowe o \ 7 7\ / :
and above the transition speed of 500 r/min, respectively, the 1
torque control quality of the drive system with the two .30 v } W \[
observer schemes are compared when the drive speed varies é 0.5 os
between 300 and 800 r/min. It is seen that, for the reference t(s)
torque of 20 Nm, 10% torque variation is induced with the (b)HMur_1inear Observer [8]

HMwon Observer due to the transition from CM to VM modes 30( f

or vice versa. In contrast, the resultant torque with the 7N 7N Ib
proposed observer is robust to speed variation. = ‘ / \ /S \ e
Olillustrates low speed performance deterioration of = °| \/ N\ / N\ /
the HM based drives. Phase current waveforms of the drive |/ N A4
with HMyur, HMut Lnear and proposed observers at 100 *° ‘[
r/min and 15Nm are presented, respectively. Because of 0 0.25 05

, ; X ts)
inverter output voltage distortion, the VM based observer (c) Proposed observer

accuracy becomes extremely poor at low speeds. Thus, Hi 10Low speed current waveforms 100 r/min 15Nm
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HM based observer is affected by the cross-interference issue
of the VM part and the performance and current waveforms of
the drives deteriorate significantly.

|Fig. 11)and Fig. 12|show the current waveforms at 50 and
700 r/min, respectively, with zero torque demand. Phase
currents are expected to be very small since the machine
operates in MTPA region with zero torque demand. This is,
indeed, the case with the proposed observer. However,
inaccuracies of the conventional observers cause significant
currents to flow even at no load and consequently reducing the
drive efficiency. This phenomenon can be understood as
follows. Due to torque estimation error the estimated torque
tracks the zero torque demand does not mean the actual torqu
is zero. Hence this inot “no load” operation in strict sense.

The amount of current deviation from zero is dependent on the
observer error. With the VM based observer, the influence of
inverter nonlinearity and voltage drop is still significant even

< o

8

15

A

Ib
Ic

-15
0

15

< opwi
€

la
Ib
Ic

-15

10

20

t (ms)

30

40 50

(c) Proposed observer

at 700 r/min because of low DC link voltage.

are given ifi Fig.13|(a) and (b), respectively. As will be seen,
the flux is automatically weakened in the DTC drive§ B)|(
The results frofh Fig13|to[Fig. 16]employ @9)] while others
employ (8)

15 T T

I (A)

-15
0 0.25

t(s)

15 ‘T [ ‘f
! }
|

I (A)

o

-15
0

0.25 0.5 0.75 1
t(s)
(b) HM LUT_LINEAR observer [8]
15 [ f
| |
[ la Ib ic]
[ T
£ o « \L |
B | |
| |
| |
| |
| |
-15 t b
0 0.25 0.5 0.75 1
t(s)

(c) Proposed observer
Fig. 11 Measured current waveforms with zero torque demag@ gmin

15
‘T la
i Ib
= f o, ‘ Ic
< OF"MH e T S
|
\
|
15 10 20 30 40 50
t (ms)

(a) HM_yr observer [5]

Fig. 12 Measured current waveforms with zero torque dema@@t/min

Smooth transitions from MTPA to FW regions of the drive
with the proposed observer under no load and 15 Nm torqug‘ 1800

1900
'_-—-“' —_— —
£ 1700 Speed L S
'U v i <
e s 0.127<,
& ; 10,1247
‘ } 40.121
: ] : L0118
0 5 10 15 20 25 30 35
t(s)
(a) No load transition
1800 .
E 1700 e -
i’ | et =T — Speeq '§
] s
9] v »
=3 s 10.127 %
' \ 10.124
| \ | 0.121
t } t :10.118
0 5 10 15 20 25 30 35
t(s)

(b) 15 Nm loaded transition
Fig. 13 FW transitions of the drive

F r 14 14 r 14
‘ "

i

|

|

CM, 7 observer Proposed observ%r

T (Nm)

28 30 36

t(s)

32

34

Fig. 14 Torque responses at twice the base speed; 2700 r/min

shows the estimated torque in steady state at 2700
r/min and 15 Nm whe&Myyr and the proposed observers are
employed. The proposed observer results in much lower
ripple.
Fig. 15|(a) and (b) shows the torque responses of the drive
with the proposed observer when the reference torque is
increased in a step of 5Nm at 1000 r/min (MTPA) and 2000
r/min (FW), respectively. As can be seen, the actual torque
follows closely to the reference which validates the observer
accuracy. It should be noted that a rate limiter is imposed on
the torque step demand to avoid uncomfortable jerk of the
traction system; hence the resultant torque responses are
slightly slower.

[Fig._16](a) illustrates the responses of the estimated torque
and flux to a step change in torque demand when the drive
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< ‘ ! | £ :
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Fig. 15 Experimental results of torque step responses with propbsetdver

Te (Nm)

t(s)

(b) Torque and d-axis current responses

t(s)

Fig. 16 Drive responses at twice the base speed; 2700 r/min

d-axis current (A)

extremely inaccurate phase voltages did not result

t(s)

(d) Phase currents after disturbances
Fig. 17 Deep field weakening test at 3000 r/min and 25Nm

at the peak power of 7.85 kW (3000 r/min and 25Nm) and the
results are shown Disturbances t#,,"* andR,, are
deliberately injected into the observer showh_ in Pijat 42

and 48 seconds, respectively, ™ andR, are multiplied by

80% and 200%, respectively. Despite the extremely inaccurate
phase voltages and armature resistance information in the
observer, the drive is very robust and the disturbances are
compensated by measured phase currents via the observer
correction mechanism. It is seen from the phase currents that

in

deteriorated current waveforms unlike the conventional HM
observers. One can deduce the inverter independence by
comparing Fig.7]and Fig. 17|(c).

VI.

CONCLUSIONS

A novel flux observer for direct torque controlled IPM-

with the proposed observer operates at 2700 r/min, twice tBAC drives has been described in this paper. The observer
base speed. A similar response of estimated torque and d-axj&s machine nonlinearities into account by high fidelity

current to step changes in torque demands are shdwn if] Figdelling in order to estimate stator flux and electromagnetic
[16](b). torque of the machine more accurately over a wide speed

A test in deep FW region has been performed with th@nge. Unlike conventional schemes, it has been proved that
proposed observer in order to validate high performangge observer is independent from inverter nonlinearities, dead-
operation and independence of inverter nonlinearities, deafine, and armature resistance variations since such

time and armature resistance variation. The test is perforn’\@@hlinearities are Compensated by measured phase currents.
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Magnetic saturation, cross-coupling effects of flux linkagegariation during operation. The modelling error has been
and spatial harmonics are all considered in the modellingartly addressed in the field weakening region by the voltage
Additionally, the observer has no filters; hence there is rMfeedback loop. The influence of the modelling error was
associated delays and oscillatory responses which ameestigated by extensive simulations with the high fidelity
significant concerns of conventional schemes. Low spe#®M model. It has been shown that the resultant torque
performance deterioration associated with conventionaktimation error is relatively small. The superiority and
observers has also been eliminated by the proposed observeffectiveness of the proposed observer both in transient and

It has been shown that the observer is vulnerable $beady-states have been verified by extensive simulations and
modelling errors which is dominated by machine temperatusxperimental results.

APPENDIX
The elements of th& =1 (s) matrix, and the transfer functions associated W#tf(s), A%, (s) andA¥,,(s) are given by:
[ 8% +52(Kplaz) +5(KiJ22)  s*(w—KyJ12) —s(KiJi2)]  where;
M-1= 01 01 oy=s"+5s° (Kp(]u +]22))
2 A 3 2 .
_S (W + KP]Zl) +s(KiJ21) s°+s (Kpjll) + S(Kzfll)J +52 (W2 + Ki(J11 + J22) — WKpUlZ —Ja1) + sz(]u]zz _]12121))
O- O-
! ! +s (WKi(/21 = J12) + 2K, K;(J11/22 _]12]21)) + K*(Ua)22 — J1z)21)
3 (V. () +52 (AVa($)Kp 22 +0Vq (5) (W—KpJ12) ) +5(AV 4 ($)K 22 ~AVq ($)K ) 12)
AP, (s) = 7
i(s) s3(AVq(s))+sz(AVq(s)Kp]11—AVd(s)(W+Kp]21))+s(AVq(s)Ki]u—AVd(s)Ki]21)
g1
s3(ARIg(s))+s> (ARId(s)Kpjzz+ARIq(s)(W—Kpjlz))+s(AR1dKi]22—ARIq(s)Kijlz)
AP,L(s) = a
r(5) 5% (BRIq(s) )+5%(BRI(5)Kp J11~BRIg(S) (W+KpJ21) )+s(ARIg()KJ11~BRIG()K iJ21)
g1
53 (Kphfy)+5?(Afy (Ki+Kp? J22)+0g1Kp(W—KpJ12) ) +5(2Bfi KpK 22 +0g1 Ki(W=2Kp 12) ) +K {2 (Af1 J22—Bg1)12)
AWy (s) = o

53 (Kphgy)+s? (Ag1 (Ki+Kp?J11) =B fiKp(W+KpJ21) )+5(2891KpK 11 -AFiKi(W+2KpJ21) ) +Ki? (A1 J11~Df1 J21)

g1

It can be shown based on the final value theorem that:

limAY,(s) = limA¥,(s) =
s—0 s—0

0
(111122_/12121)

=[o]

(/11/22_]12/21)
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