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Voltage Sag Drop in Speed Minimization in Modern
Adjustable Speed Drives
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Abstract: This paper researches behavior of rotor field oriented (R&i@) direct

torque controlled (DTC) drives in speed controlled appi@ain voltage sags cir-
cumstances. Problems in application will be able to appesecially in work cases
with speed and torque close to rated, even in a case wheratygittage tolerance
curves show no drive trips. To overcome appeared drop indsip@es posed a field
weakening algorithm during voltage sag. Analytic caldolatand numerical simula-
tion were presented in detail in this work. Knowing delay if@flux response and
prompt DTC flux recall, methods for dynamic performance ioworg were advised.

Keywords: Adjustable speed drives, power quality, voltage sag, digpeed, direct
torque control, flux vector control.

1 Introduction

The fact that adjustable speed drives (ASD) with induction motors ardyhégh-
sitive to voltage sags can cause long re-start delays and producties.ldssextra
increase of expenses (for example in continuous processes asrEiysry, glass
production, etc.) caused by ASD voltage sags sensitivity which also leadsito
merous experimental and simulation studies ( [1], [2]). The main aim of theestud
mentioned above is to determine the sensitivity factors, and to proposefioeve
of the ASD’s from tripping as a result of voltage sags.

The appearance of the speed drop during voltage dip was noticed ini-expe
mental ASD testing ([3]). In [1] it was presented drop in speed simplifiedyais
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based on energy balance equation. In cases of modern ASD it hdg megra-
per presenting accurate criteria and defining drop in speed relation @wcdrtrol
performances loss. Nowadays converters with Field Oriented Cont@C)Rnd
Direct Torque Control (DTC) for high performance AC drives in inidias appli-
cation are mostly used. Reference [4] turns attention to torque reductibdrap

in speed during voltage sag and advises field weakening and apprajpmidte
voltage protection adjusting, neglecting stator resistance and without stridtly ma
ematical consideration.

In previous paper [5] the authors proposed few algorithms to overcoee th
drop in speed under voltage dip, but no exact definition was done. Fes#aeming
during voltage sag was demonstrated as efficient method of drop in speed min
mization. Control algorithms in RFO and DTC drives can be simple modified to
maintain speed drop at a minimum. Very good dynamic performances areifound
regard to speed drop in both speed closed loop ASD’s.

This paper is an approaching one to the explanation of the solution mentioned
above where the analytic relations were found out. The following lines wplleéx
this paper organization. The Second section shows the basic stimuluspfar pa
initiation and gives outlines for converter limitation in practice. The third section
concretes outcomes in FOC drives, while in the fourth section the same @nes a
presented for DTC drives.

In Section V, the dynamic features are presented based on the compléte elec
drives model including control circuit and voltage sag generator to \alitte
drawn conclusions. Also, the different methods of the improvement afdsgeop
minimization are shown.

2 ASD voltage sag sensitivity

There are three reasons ( [1]) for tripping ASD’s because of vokkage The first
one is that the control electronics power supply, regularly supplied byimC
voltage, also sensitive to voltage sag. If the power supply cannot oltaguate
voltage for the control electronics, the drive has to be shut down dsts saeasure
against losing control of the drive.

The second reason is union of under-voltage and/or over-curretggtion. If
the DC link capacitor discharges its energy and the DC link voltage reackes th
minimum allowed value\{pcrin) under-voltage protection will be activated. This
minimum level can be adjusted in the range from 65-70% up to 85-90% oféied
link voltage. DC voltage drop under minimum level can lead to the appeardnce o
the high inrush input current when the power-up again. Minimum DC bliag®
depends on maximum diode bridge current, i.e. DC bus charging circuit limitation
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The third reason is that some processes with multi-motor ASD (for example
dried section of the paper machine with speed synchronized drivesashdharing
( [6]) cannot tolerate the loss of accurate speed or torque contral, feve few
seconds due to damage the final product or halt of the process.

In numerous papers ASD’s voltage sag sensitivity is investigated in details,
where the first two mentioned reasons are taken into consideration. Ih fyijgical
voltage sag sensitivity curve was presented.
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Fig. 1. Sensitivity of ASD drives to symmetrical three-phase sags witardift
load torque valuesT|gag = 100%T0m (top); Tioad = 50%Thom (bottom)

The vertical parts of the drive voltage-tolerance curves are determimeet-
voltage protection response. Small difference between drives is tlsegoance
of different DC voltage ripple and motor electromagnetic torque (statoentsy
during sag. If the supply voltage recovers before the DC bus voltaghes the
under-voltage protection level, a high charging current is drawn frarstipply
network and may blow the fuses. If this possible, high inrush currenfloanto
induction motor and activate over-current protection. In V/Hz driveiZomtal part
of the voltage-tolerance curve represents this effect. High perforerdmes (FOC
and DTC) have controlling torque or current and high inrush currant ¢low to
induction motor without control. If inverter overload, modern drives hpwssi-
bility to program different actions: to retain maximum available torque, deerea
switching and output frequency with or without trip.

Drive manufactures declare that the usual input voltage rantg 4s10% .
The possibility of faultless drive operation in input voltage range betweeir min
mum (corresponding t¥pcmin) and lower nominal voltage limit (90&%,) is main

attraction for this paper.
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Limits as consequences of PWM converter maximum output curkgm) énd
maximum output voltageUmax) can be represented in relation to the appropriate
stator quantity through the following equations:

s +i5s < 1o 1)
and
Ugs + Ugs < Ufax )

Maximum output current is determined by maximum continuous current of in-
verter semiconductor switches or induction motor rated current, i.e. maximum
allowable thermal capacity of the converter or induction motor.

The maximum stator voltage depends on the available DC-link volfggand
pulsewidth modulation (PWM) strategy ( [7], [8]). In this paper, PWM styate
based on voltage space vector (SVPWM) is used, and then the outpet\atitage
on converter terminals, neglecting voltage drop on switches, is:

u(t) = (Vbc/2)-m-sin(wt + ¢) 3

Maximum possible modulation inde®. in linear modulation range is/2/§.
If assuming that in front of converter is diode rectifier which is connetieithe
three-phase network with voltage magnitdlemaximum magnitude of the output
voltage will be:

Umax= (3/m) -V 4)

In practice, industrial frequency converters have different oveutation meth-
ods, so in simulation model it has to be taken into consideration. If overmodulatio
is used, for example as in [9], it can be supposed that output voltagasteact
input one in complete.

3 RFO controlled drives under voltage sag
Under the assumptions of linear magnetic circuit and balanced operating con

tions, the equivalent two-phase model of the symmetrical induction motaoe-rep
sented in the synchronous rotating reference frame, is:

Ugs | Ry O ids P —ws Ads
I RS | Pl | o G

B S A P | A B
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In the above equationg represents the differential operatay, - slip angular
velocity (. = ws— w ), ws - synchronous reference frame speed and rotor
angular speed.

The flux equations are:

/\ds = Lsids+ Lmidr,/\qs = Lsiqs+ I—miqr

. . . L 7
Adr = Lrigr + Lmids, Aqr = Lrigr +Lmigs 0

Electromagnetic torque can be calculated using the following formula:

3 m
> LL(qs)\dr |ds)\qr) (8)

Aligning the reference fram@-axis with rotor flux linkage phasor, will gain:

Te=

)\qr = 07)\dr = /\r (9)

In steady state, all quantity differences will be zero, and can be cotmitd
igr =0, and:
Te= Clidsiqs (10)

wherec; = %P"L—'ZJ‘

It should be mentioned that in case the condition (9) introduction is not pre-
dicted the drive control method, so simplified equations (5)-(8), undedition
(9) are with generalized meaning. When current limit is reached, the tevitjum
counted by the help of:
(11)

Teimax =C1- ids Imax Ids
In rotor field oriented (RFO) control, rotor flux magnituslecontrolled directly
by d-component stator currents:

. Lm
Ar =lgs——— 12
r dsl+ pTr ( )

In base speed region it is possible to operate with constant rotor flux angplitud
where the flux is adjusted at the rated value or at any arbitrary value \ighagh
propriate for peak torque or efficiency. To achieve RFO controldébospeed value,
angular frequency of the stator variables should be:

R Lm,
Lr /\dr

where the coordinate transformations are accomplished based on electglea

b= / cadlt (14)

Ws=w+— (13)
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Fig. 2. Basic RFO control scheme (adopted from [10])

Basic scheme for induction motor RFO control is shown in Fig. 2.
Equation (2) in steady state and voltage limit condition, having in mind the
relationships (5)-(7); can be written as ([11]):

A+ CiZs+ Bigsigs < UAax (15)

2
where:A=R2+ w?L2; B = 2R5w5"|_—':‘; andC = R2 + w2o?L2.
This voltage-limit boundary given by (15) is an ellipse which area and arigle
major axis depend on voltage and frequency. Equation (1) in the sameyatdas
explains a circle, so range of drive operation can be found in cratiesef these

two ones.

1.
nominal ; As Aas

voltage limit ‘/7 ol |
/ \

voltage sag
limit
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* § DTC

ds A, = const.
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Fig. 3. Voltage and current limit under nominal and voltage sag conditions

For induction motor parameters done in Appendix, valué,ofs calculated
solving (5)-(7) in steady state at the motor breakdown torque and slips/afloieh
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result in maximum torque per ampere value ( [12]). Appropriate vetagis ref-
erence current (further named as "breakdown value”) is given as:

igs=Ar/Lm (16)

and drawn in Fig. 3. In voltage dip case, based on (15), new ellipse €an b
drawn responding to reduced voltage limit where is easily noticeable d@gea
of maximum possiblej-axis stator current component which corresponds to elec-
trical torque reduction. For constant load torque this leads to the spgeldtion
loss, which explicitly explains if we build adequate torque-speed chaistatsrin
this case.

Considering that RFO control is ideal one (actual values follow the cometand
ones completely), maximum torque under current limit based on (11) will be:

TeSIEZxO) =C1- iés \/ Ir%ax_ 'ég (17)

The last equation, for motor parameters in Appendix results in line whichvadra
in Fig. 4. and named as "current limit”.
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Fig. 4. Maximum torque under voltage and current limit

Replacing (13) and (16) in (15), finding oigé(w,Umax, i) and final changing
in (10) we achieve torque-speed characteristics for RFO controlledsdtinder
voltage limit (i.e. RFO controlled drive maximum torque under voltage limit):

e.Umax
Solving (18) numerically, curves corresponding to maximum torque adathieve
respecting voltage limit existing. Curve named A outlined for nominal stator volt-
age and stator flux generating current calculated for peak torque tatdd volt-
age. Curve B was obtained at voltage dip where remaining voltage ig{.Ptive
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working under the load and speed close to nominal values will result in fdke o
adjusted speed. Ifis is matched to magnitude close to 70%@and breakdown slip
we can obtain curve C. It can be seen that under such a reducedevdiaiged
speed is retained because the IM develops torque nearly rated.

Changingigg results in maximum torque under current limit (17) shifting, so
in case that is lower than value from (18), optinjal value has to be calculated
from equality (17) and (18). For example, when remaining dip voltage iS.80%
we calculatedj, = 0.826A, which prohibit the current limit to reduce maximum
possible torque during voltage sag.

The proposed algorithm (field weakening in voltage dip regime) is simple for
implementation in existing lookup table which is usually used for flux bringing in
field weakening region. Knowing that rotor flux variation is characterizgdhe
rotor time constant;, according to (12), optimization of dynamic torque response
is eligible which can be presented in Section V. In this paper we use fieldaniak
based on rotor angular speed as reported in [10], though it should bigomed
that industrial frequency converters usually use the field weakeningochétsed
on actual output frequency ( [13]).

4 DTC drives under voltage sag

The Direct Torque Control (DTC) method usually uses a stator refeneroeiel of
the induction motor for its implementation, avoiding the trigonometric operations
of 3 phase to 2 phase transformation as in case synchronous refér@me. The
implementation of the DTC scheme requires flux linkages and torque computations
and generation of switching states through a feedback control of thestargd flux
directly without inner current loops. The DTC method uses feedbackalaof
torque and stator flux, which are computed based on DC link voltage anchswitc
states (or on measured stator voltages) and motor currents. Basic Dé@esch
shown in Fig. 5, at which the optional speed feedback can be utilized irafldx
torque estimator. Explanation about DTC and its modeling can be found imn14]
details.

Accepting that the DTC is ideal and that stator flux magnitieemains con-
stant and equal to the proposed one, in synchronous reference ¢an be added
the following one:

(Ads)? + (Ags)? = As. (19)

Having in mind (7) andg, = O the last equation can be written:

(Lsids)® + (0 -Ls-igs)? = (AJ)2. (20)
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Fig. 5. Basic DTC scheme

Solving the last equation for motoring regime operation leads to:

igs = \/()\;)2— 02.12-i%/Ls. (21)

Trajectory described by (21) was drawn in Fig. 3 accomplished by appte
contours corresponding to (1) and (15). It is able to notice that therdifferences
in behavior of the RFO controlled and DTC drives under voltage dip comglitio
even in case of identical frequency converter power section.

Substitution (21) into (10) gives the torque in DTC drive:

Ci1. N .
To= [riasy/(A5)2 - 02 L2, (22)

The maximum value of (22) is:
(oT0) _ &1 (A5)?

This value presents maximum possible DTC drive torque if voltage andnturre
limits are not taken into account. Such limitation does not exist in RFO controlled
drives.

Maximum torque value, if the stator current magnitude is constrained by the
maximum power converter output currdpty, can be found by combining (21),
(1) and (11), which leads us to:

7 010) _ Cal(Le1Rax— A2)(AZ — 02LEI 0] Y2
elmax = (1—02?)L2

(24)

The value given in (24) exists if it is less thaj Dlxc). The previous equation, for

motor parameters in Appendix is presented graphically in Fig. 6 and also named
"current limit”.
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Considering (22) under circumstances from (13) the maximum torquesvalue
can be found which are presented in Fig. 6 (curve A). Valgiavas adjusted in
away to obtain maximum torque value at rated voltage and speed. At voltage dip
with remaining voltage of 70%, (curve B) was obtained in the same way. If s is
reduced to 70% of the previous value, it can be resulted in curve C. 8yaway
induction motor was led to develop nearly rated torque.
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Fig. 6. Maximum torque under voltage and current limit in rated voltage and
voltage sag cases

Similar to the RFO controlled drives, according to (23) and (24), charfiirg
value AJ results in changing limit values given in this equations. Due to limited
space, in this paper finding optimal flux value respecting to voltage andrturr
limit will not be considered.

Stator flux changing at DTC drives is direct controlled by changing statior
age ( [15]). This fact simplifies implementation of voltage sag field weakening
algorithm comparing to RFO drives.

5 Results

The fact that drives are more sensitive regarding drop in speedngaukder load
and speed close to nominal ones can be important for industrial usaraolking
speed is adjusted at a value where voltage liviicfin) causes no reduction of
maximum possible torque, the drive doesn't register drop in speed durltage
sag regime. Complete speed controlled drive model including RFO contidol an
DTC were conducted by using Matlab/Simulink simulation package ( [5]).

For motor data in Appendin/pc = 709%/pcnom and for given values,, and
for A previous fact was shown in Fig. 7. From this point of view, industrial multi-
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motor drives consumers have possibility to predict such an operatioves dpeed
which is insensitive to voltage sag. The other possibility is to reduce workiegds
at the speed mentioned above in case when voltage sag appears, or Rdtiigk
reduces.

w200 - 1 1 1
0.0 0.1 0.2 03 0.4

Time [s]

Fig. 7. Insensibility illustration at voltage sag with reduced working speed

The optional method for drop in speed overcoming was shown in this paper,
where we should know features of each drives. In ASD with RFO thbleno
of adequate adjusting flux-producing stator current component eggheBefore
voltage sag, this component is equal to breakdown viglui@s in the period after
voltage dropping.

During the voltage sag flux-producing current component can betadjas-
cording to the following rules: method 1) value with no change; 2) the valuelwh
is appropriate to DC bus voltage value during the sag based on (17) &ydj1
the dynamicd andg-axis current sharing strategy which obtains higher transient
torque and minimum speed deviation, knowing delay in flux response. The max
imum available currentu is to be distributed intal and g-axis current. The
algorithm that is developed here is characterized with the following rules:

igs=0 igs: Imaxforo<t <ty
igs from Eq. (17) and (18) igs= \/I,%ax— i2forty <t <t

where:t; is the time when the rotor fluX, drops to the decreased value which
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is matched with the sagged DC bus voltagés the time of the power-up. After sag
ending t > ty), flux-producing current component resets to the breakdown value.

] T T T T
325 ] ‘ —=— method 1 —— method 2 —A— method 3 |

250 )] ©) 4

speed [rad/s]
4
A

0.0 ' 0.1 ' 012 ' 0.3 I 04
Time [s]

Fig. 8. Motor speed drop during voltage sag in drive with RFO (1- point of

sag start, 2- point of sag end)sg = 70%Jn,

In Fig. 8 is presented the comparison of the simulation results, for three meth-
ods mentioned above, in case of symmetrical three-phase voltage sagjoiel/
simulation model takes into account sampling times and frequency bandwidths fo
currents and voltages measurement loops. As it can be seen in Fig. 8posed
method of the dynamic current sharing of the inverter maximum current, teads
the minimum speed drop. The adjustable speed drive with RFO control wieere
third method is implemented reacts faster than the first two ones becauseingfor
torque-producing current component. Besides the fact that minimuminegeed
was occurred, it should be stated that minimum speed recovery time wasgeathie

We also emphasize that higher imposed current limit of the inverter enables
improvement in drop in speed minimization, recovery of deeper voltage sag as
well.

The differences in behavior of the drives with RFO control and DTCewler
lustrated in Fig. 9 for voltage sag with remaining voltage of 8Q%lt's clearly
seen that RFO controlled drives won't be sensitive to voltage sag, whidives
have minor drop in speed as can be seen in Fig. 10.

L P Ty i R — e yltago limit - RFO

] ; - B volage limit- DTC
— 15 < H O i Ty .
g . :
E 10 -

L) 5+ H - . -
By : 5 i =0.922A; 2 =1.288Vs
0 . ; —
150 250 300

** o [rad/s]

Fig. 9. Maximum torque comparison foigag = 80%J,, for RFO controlled
and DTC drives
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Fig. 10. Motor speed drop during voltage sag in drive with DTC (- point of
sag start, - point of sag end)sag = 80%Jn (top); Usag = 70%Jn, (bottom)

In the case of ASD with DTC it is modeled very simple algorithm having in
mind fast response of the controlled system when flux reference ebarg the
simulation,Ag is reached as output from look-up table wiflc and as inputs. In
Fig. 10 simulation results in drop in speed for DTC model (without stator flux co
rection) and for model in which flux weakening during voltage sag is implerdente
are shown.

Flux and torque hysteresis controller in DTC bring to excellent dynamioperf
mances in transients. Response rapidity will be dominant determined by ksv-pa
filter transfer function in DC-bus voltage measurement loop.

6 Conclusion

PWM inverter drives will shut down at voltage sag, initiated by their unadtage

or over-current protection scheme. Starting from steady-state anialykis paper

is also presented detailed derivation of the voltage sag influence on thendro

speed in RFO and DTC speed controlled drives. Regular control algwréihne able

to cause the drop in speed which cannot be accepted in some industtice .
According to the analytic relations it was proposed drive operation syrateg

reduced speed when the drive is nearly insensible under voltage ssmitél The

optional method is field weakening implementation during voltage sag. Control
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algorithms in RFO controlled and DTC drives can be simply modified introducing
DC link voltage feedback and affording field weakening under rateddsgepend-
ing on voltage sag magnitude.

To minimize drop in speed at ASD with RFO control it was examined algorithm
of dynamic current sharing of the inverter maximum current. At DTC drip@mpt
flux response lets simple field weakening algorithm implementation. Very good
dynamic performances are found in regard to drop in speed in both sjrsst
loop ASD’s.

Appendix: List of symbols and motor data

Rs — Stator resistance,§45Q

R: — Rotor resistance, ¥87Q

Ls,Lir — Stator and Rotor Leakage InductancemBil
Lm — Magnetizing Inductance,815H

Usd, Usg — Direct and Quadrature axis Stator Voltages
isd,sg — Direct and Quadrature Stator Currents
ird,irq — Direct and Quadrature Rotor Currents

P — No. Pole Pairs, 1

P, — Nominal Motor Power, 2200

Un — Supply network rated line-line voltage rms value, 380
wn — Nominal rotor angular speed, 2@d /s

o — Total leakage coefficient,®9

T; — Rotor time constant,.074s

m— Modulation index
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