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I.  INTRODUCTION

This report is the continuation of [1] [2] where adopted motor parameters are given in Table I. This report discussed
the vector-controlled drive for this induction motor. Section Il presents the minimum DC link voltage required to
control the drive and the device ratings while Section 111 discusses the current and speed controllers for this drive
Section IV shows the MATLAB implementation of indirect vector control of this motor with feed-forward

compensation. while Section V presents additions of field weakening control parametric drift in rotor resistance
control (online rotor time constant estimator).

Table I: Three-Phase, 4-Pole, Squirrel Cage Induction Motor

Parameter Value Parameter Value
Power Rating 2.2 kW Voltage Rated (L-L) 230V, 50Hz
Stator Resistance (Rg) 2.73Q Rated Speed 1435 rpm
Rotor Resistance (R;.) 0.70Q Stator Leakage Inductance (I;) 4.9 mH
Mutual Inductance (L,,) 284 mH Rotor Leakage Inductance (1) 4.9 mH
Inertia (J) 0.0103 kgm? | Friction Factor (B) 1.5x10*

1. DCLINKVOLTAGE AND DEVICE SELECTION

The drive is fed from a three-phase voltage source inverter (VSI) with sinusoidal pulse width modulation. To obtain
the minimum DC link voltage, the linear region of the plot of the ratio of fundamental line-to-line voltage to the DC
link of the VSI against the amplitude modulation ratio (modulation index) [3] [4] as shown in Figure 1 is used to
obtain the DC link voltage. The fundamental pole voltage is calculated in Equation 1 and the minimum DC link
voltage in Equation 2. A 0.89 modulation index is assumed for this design.
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Figure 1: Three Phase Inverter — ViL(rms)/Va against ma [3]
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e Device Selection

The minimum blocking voltage for the switches is 422.009 V (OFF state blocking) while the minimum continuous
current is 8.7 A (ON state continuous current).

An STMuicroelectronics STGP1ONC60KD IGBT with 20 A rated current and 600 V rated voltage, 3-Pin, through-
hole is selected for this design and the datasheet can be found at [5]. At 100°C this device can operate at 10 A
making this a good rating for the induction motor drive. The price for this device is £0.817 (VAT included) at [6]
with special application for induction motor drives [5] making it a very good candidate for this design.

I11.  DESIGN OF VECTOR CONTROLLER GAINS

The current loop gain (red colour) and speed loop gain (black colour) as shown in Figure 2 are discussed in this
section to be implemented on MATLAB Simulink as presented in the next section. A saturation of 250% of the rated
values of each output signal of the controllers was implemented in this design.
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Figure 2: Indirect Vector Control of the Induction Motor with RFO [2] [7]

e Current Controller Design

Considering the stator dynamics Equations 3 and 4 in the dq reference frame, considering the first two terms, the
plant Transfer Function is derived as in Equations 5 and 6 in the frequency domain.

. d . . Ll d
Vsqa = Rsisqg + ULsElsd — we0Lglgy + L—ra(pm ......... 3
. d . . Lm
Vsq = Rslgq + ULsElsq + we0Lgisq + weL—gord ......... 4
T
) 1
lsa = mvsd ......... 5 from 3
s s
] 1
lsq =mvsq ......... 6from4

Therefore, both the d-axis and g-axis components of the current loops have the same transfer function.

While neglecting the delay caused by the inverter and anti-aliasing filter due to their very low time delay as compared
to the plant, then the current control feedback block is given in Figure 3.

plant
i * / i
*q ki(s+a;) 1/ R, sq
s 5T+ 1

Figure 3: Current Controllers Block Diagram [2] [7]
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kia;

Where the first block is the PI controller with k; proportional gain and
function is derived from Equations 7 to 14.

integral gain. The close loop transfer

N

_ Gplanthtrl
1+ Gplanthtrl

k/p o ki(s +a;)  kki(s+a;)

Gcl

Gplanthtrl = S/p 1 5 = <2 1 sp T 13
kki(S + Cli)
G = s2+p k(s + ay) y s+ sp B kk;(s + a;) "
AT kG Ha) T sP4sp T sPAsprkki(sta)  s?+s(p+kk) +kka 7T
s?2+sp
Comparing the closed-loop transfer function in Equation 14 to the second-order frequency equation gives rise to
Equation 15.
kkl'(S + ai) - kki(S + al-) 15

s2+ (p + kk))s + kkja; s 4 2{w,s + w?

For the current controller of this design, the natural frequency for the current loops is 200Hz while the damping factor
was selected to be 1. w,, = 2nf = 1256.637rad /s and { = 1. The leakage coefficient (o) is given in Equation 16
and the stator time constant (t) is calculated as in Equation 17. Then p and k are calculated in Equations 18 and 19
respectively.

=—=0.017....... .. 16
o Lm
I+ L
Ty = 0 — T =0.00183s......... 17
R
1
p=—=>547.693s"1...... 18
7'-S
1/R
k = 1R _ 200.620 ... ... 19
7'-S

Comparing the denominators of Equation 15.
s% 4+ (547.693 + 200.62k;)s + 200.62k;a; = s + 2513.274s + 1256.6372
s1:547.693 + 200.62k; = 2513.274

s%:200.62k;a; = 1256.6372
a; = 803.394 ...... ... 21
Therefore, from the controller block, proportional and integral are calculated as in Equations 22 and 23 respectively.
KP =k; =9.798 ...... ... 22
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KI = k;a; = 7871.274 ... ... ... 23
Then, the current controller gain becomes

9.798(s + 803.394)
S

ctrl =

e Speed Controllers Design
The closed-loop control block diagram is derived from Figure 2 as shown in Figure 4.

isg™ Isq Tyoaa plant
e T ; g
@ k;(s+a;) 1 % 1/7 “r
T ‘r BT

5

o plant
o, k(s +a,) a"- T ke /T @,
S s+ B,/ J
Figure 4: Speed Controllers Block Diagram [2] [7]
The closed-loop transfer function is derived from Equations 24 to 28.
ke/]
plant = m ......... 24
Let
ke
k] = T ......... 25
B
B; = 7 ......... 26
Then
ki ki(s+a;) kiki(s+a;
Gplanthtrl = L x i 2 = -1 i Do 27
s+ B; S s+ B;
Closed-loop gain is
kjki(S + ai)
G s? + SBJ k]kl(s + Cli) s2+ SBJ k]kl(S + ai) )8
= = X - ..
cl 14 k]kl(s + ai) s2 4+ SB] s2 4+ SB] + k]kl(s + al-) s2 + (B_I + k]kl)s + kjkiai

2
S +sBj

Comparing the closed-loop transfer function in Equation 14 to the second-order frequency equation gives rise to
Equation 29.
kjkl-(s + al-) _ k]kl(S + al-) 29
s2 + (B + kjk))s + kjkja;  s? +2{w,s+ i
For the speed controller of this design, the natural frequency for the current loops is 2Hz while the damping factor
was selected to be 0.707. w,, = 2nf = 12.566rad/s and { = 0.707. The torque constant is calculated as in
Equation 30. Then k; and B; are calculated in Equations 31 and 32 respectively.

2
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Comparing denominators of Equation 29
s2 4+ (0.015 + 342.53k;)s + 342.53k;a; = s® + 17.769s + 12.566>
s1:0.015 + 342.53k; = 17.769

k; = 0.052....... 32
s%:342.53k;a; = 12.5662
a; =8.8%....... 33
Therefore, from the controller block, proportional and integral are calculated as in Equations 22 and 23 respectively.
KP =k; =0.052......... 34
KI = k;a; = 0.461 ... ... ... 35

Then, the speed controller gain becomes

0.052(s + 8.894)
S

ctrl =

IV. IMPLEMENTATION OF INDIRECT VECTOR CONTROL WITH FEEDFORWARD
COMPENSATION

The calculated gains and their parameters in Section Il were used to implement the circuit in Figure 2 with
feedforward compensations (the third and fourth terms of Equations 3 and 4 respectively) on MATLAB Simulink as
shown in Figure 5. The rated flux is calculated as in Equation 36 [8] which is implemented in the Simulink model
(“Rated Flux Calc” subsystem). Then, the reference d-axis current is calculated in Equation 37 [2] [7], implemented
in the Simulink Model (“id Ref Calculation” subsystem).

ph
§0—4.44f—0598Wb ......... 36
Isq = Lﬂ =2.1064....... 37
m

Indirect Vector Control of Induction Motor Using Rotor Flux Orientation with Feedforward Compensation
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Designed by: Abdulazeez Adebayo Olayinka - 20626477, May 2024

Figure 5: Model of Indirect Rotor Flux Orientation of Vector Control of the IM

The position is estimated with the speed slip equation in 38 and the “Theta Calculation” subsystem in the Model. The
speed slip is calculated with Equation 39 [7] [9] [10] [11] which is implemented in the Simulink model environment
of Figure 5 (“wslip Calculation” subsystem).
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0= J(wr + wsup)dt ......... 38
isq
Wglip = = wev eer en 39
P Trlmrd

Where i,,,4 IS the magnetising current which is constant and equal to the d-axis reference current because it is a
constant flux operation and z, = btlm — 0.413sec.

T

The inverter was fed with a 12kHz switching frequency to have fewer oscillations/ripples on the d and g currents and
a 600Vvdc was used as the inverter input voltage. The simulation was run for 1.2sec. the tracking of the d and q
currents (isq and igq) with their respective reference values (i5,; and ig,) is shown in Figure 6. There was a change
in the g-axis reference current at 0.8sec due to a speed reference change at 0.8sec (Figure 7) and the g-axis current
tracked this as expected.
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Figure 6: Tracking Performance of d and q Currents

To observe the tracking of the d-axis current (iz;) with a change in the d-axis reference current (iz;), iz wWas
changed by a factor of 0.6 and the observed current tracking is shown in Figure 7.
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Figure 7: Tracking Performance of d and g Currents with a Change in iz, and iz,

The tracking performance for motor speed is shown in Figure 8. As can be seen, the motor needs about 0.4sec —
0.5sec after accelerating to settle at the reference speed of 1435rpm and a reduced speed to 900rpm at 0.8sec while a
full load torque of 14.64Nm is applied at 0.3sec. The graph was exaggerated for visual purposes for the transient to
be more appreciated. The simulation is then run for 8sec for the speed to be more settled as shown in Figure 9. The
stator dynamics three-phase current, load and electromagnetic torques and stator and rotor flux are shown in these
Figures (8 and 9).
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Figure 8: Current, Speed, Torque and Flux Plots
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Figure 9: Current, Speed, Torque and Flux Plots — 8sec Simulation Time

e Scalar Control vs Vector Control

Scalar control observed in [1] was implemented with the following parameters and the same parameters were used
to simulate the vector control on MATLAB Simulink. The motor parameters remain the same for this analysis.

Table II: Simulation Parameters

Parameter | Initial Value | Final Value | Time to Step

Torque 0 Nm 14.64 Nm 2 sec

Speed 720 rpm 1435 rpm 2 sec

It is observed that after the motor accelerates at no-load on scalar control, the motor speed never stabilises from 0
seconds to 2 seconds, likewise, electromagnetic torque and flux continue to oscillate about their respective values
during this transient as shown in Figure 10. This is a result of no feedback from the output to the input because scaler
control is an open-loop system, the scalar control needs load torque to balance the rotor Inertial. However,
transitioning to full load was achieved at 720rpm and the rated speed was not achieved from the scalar control despite
having fed in the rated voltage and frequency while suddenly changing to full load. This flux could not sustain the
transient to the rated speed as it was operating at constant flux with no dynamic compensations. Stator currents are
highly distorted during high starting currents.
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Figure 10: Scalar Control from Low-Speed (720rpm), No-load to Rated Speed (1435rpm), Full Load

Vector control, on the other hand, behaves very differently during these responses as it is a closed-loop system which
ensures that the oscillation due to the acceleration either on no-load or at full-load rated speed stabilised after a few
milliseconds. Figure 11 shows this response according to Table Il simulation parameters. Hence, vector control is the
best mode for controlling this induction motor with no visible high current distortion as compared to scalar control.
There is a further discussion of this scalar vs vector control in Section VI.
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Figure 11: Vector Control of the IM Operating at 720rpm to 1435rpm

V. DESIGN IMPROVEMENT

A. Field Weakening Control Flux
The field weakening allows the motor to operate at the speed above the -ty \
rated value but reduces the field (flux) current in proportion to the increase (VIF Is constant) Power onated

Field Weakening

in speed as shown in Equation 40. Hence the motor operated in the field | oal

Flux

weakening region, Figure 12. Figure 5 was tweaked to provide operation (Fisincroased) | §
in the field weakening region as implemented on Simulink. 8
% Nrated %
lsdnew = N. Y AL 40 -
ref Rotor Speed
A “Field Weakening” subsystem and “IF” statement switch block were Figure 12: Field Weakening

added to the model in Figure 5 to be able to perform field weakening if the

reference speed is above the rated speed as in Equation 40, the system modelling is shown in Figure 13. This
functionality will ensure the model can be used for both Section IV and V (Field Weakening Control). Therefore, a
single Simulink model is submitted for this report as the model is further modified for online rotor constant estimation
which will be discussed in the next subsection.

Page | 8



University of
Nottingham
UK | CHINA | MALAYSIA EEEE 4114 — Advanced AC Drives: Coursework Il | Abdulazeez Olayinka

Indirect Vector Control of Induction Motor Using Rotor Flux Orientation with Feedforward Compensation - Field Weakening Control Capability
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Figure 13: Indirect Vector Control Model with Field Weakening Capability

The model was simulated with a reference speed of 1435rpm starting from no-load to sudden transition to full load
at 1sec and continued to 2s where a sudden reference speed transition to 1800rpm. It was observed that the actual
rotor speed tracked this reference speed as shown in Figure 14. The stator current increases as the flux reduces with
the proportion of the increase in the reference speed.
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Figure 14: Field Weakening Stator Current, Speed and Flux Plots

The d-axis and g-axis current plots where the currents track their respective reference values are shown in Figure 15.
The waveform (plot) is exaggerated for a proper visual of the dynamic, the same test conditions and dynamics of
Figure 14 are also applied to this current tracking performance.

The limitations of field weakening include
i.  Stability and Reliability: the flux may be reduced below the flux required to overcome collapses
ii.  Reduced Torque: the torque will reduce as speed increases to maintain a constant power
iii.  Increased Current and Losses: overall current will increase causing heat loss and insulation breakdown
iv. Vo!taggz Limitations: voltage cannot be increased beyond the supply voltage hence increase in current to
maintain constant power
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v.  Motor Design Considerations.
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Figure 15: Tracking Performance of dq Currents Under Field Weakening Condition

B. Parametric Drift Through Variation in Rotor Resistance — Online Rotor Time Constant

The rotor time constant (RTC), determined by rotor resistance and rotor inductance, suffers from considerable
variation over time due to the thermal drift and saturation effects [12] [13], as shown in Equation 39 position is
largely dependent on the accuracy of the rotor time constant. Hence, a need to improve the design by considering this
variation to have an online rotor time constant estimation should the rotor resistance change or erroneous calculation
from steady-state analysis in [1]. The simulations performed in this section were run at full load, rated speed.

Let the machine's actual rotor resistance be set at 1.2Q and the data available in [1] was used to estimate the rotor
time constant as in previous sections of this report, the simulation was run on these bases. Figure 16 shows the
observed system dynamics with motor speed (reference and rotor), slip speed and stator flux without revised rotor
time constant. Due to the increase in rotor resistance, the flux was observed to overshoot the rated during the motor
acceleration by about a 200% increase and stayed at about 0.9Wb when the motor settled which is 0.3Wb (50%
above-rated flux). Also, during starting of the IM, ig, could not follow the i, during the initial transient.

Motor Speed
T

2000 [~ T I I =

£ 1500 =

=
5 1000 - —~
g
w 500 —— Rotor Speed i

m— Reference Speed
(= ! ! I Pee

Slip Speed
T

Stator Flux
T T T

Flux (Wb)
o
(=] w -
?
Il

1 1 I 1
0 0.2 04 06 08 1 1.2
Time (s)

Figure 16: Incorrect Rotor Time Constant - Speed, Slip Speed and Stator Flux

To overcome this incorrect rotor time constant which can lead to performance error in the drive, the online rotor time
constant is employed to revise this inputted rotor time constant. There are several methods available in estimating
the online rotor time constant such as Model Reference Adaptive System (MRAS) using dot product of stator current
and rotor flux by [14], online parameter estimation method based on steady-state voltage model by [12], a Q-based
MRAS method was adopted by [15] to mention but a few methods of this online estimation of rotor constant.
However, the method employed by [13] was implemented for this design.

Page | 10



University of
Nottingham
UK | CHINA | MALAYSIA EEEE 4114 — Advanced AC Drives: Coursework Il | Abdulazeez Olayinka

From the dynamic equation of the rotor, the rotor voltage equation can be obtained [13]:

_ d

0= errd + a(prd ......... 41
d

0= errq + a(prq ......... 42

Based on the above equations, the variation in rotor resistance can be obtained [13]:

() + (%5

— dt dt

Ry = 2 L 2
(lrg)* + (qu)

Then, the rotor time constant can be obtained from Equation 44 while substituting Equation 43.

After substituting Equation 43 into Equation 44, the online estimator of the rotor constant was implemented in the
model in Figure 13 with the addition of the following subsystem, Figure 17.

Online Rotor Constant Estimator
Au

Qu >
= f(u) I»—|_>;I\—

A Au p—
[phi_rq] At Fen
(0.284+4.9e-3)0.7
[ird]
Computed tao_r

Step

[phi_rd]

[irq]

Figure 17: Online Rotor Time Constant Estimator

The simulation was run for 4sec with the rotor time constant computer with the parameters in Table | for 1.8sec, the
same dynamics in Figure 16 were observed for this period. The online rotor time constant was imposed at 1.8sec and
the dynamics changes as shown in Figure 18. The motor behaves with normal operations as observed in section 1V
with the stator flux drifting to its rated value and steady after a few milliseconds due to acceleration/deceleration in
the slip speed. The parametric drift of rotor resistance was achieved with the actual machine rotor constant.
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Figure 18: Rotor Time Constant based on Online Estimation — RTC Revised

The d-axis and g-axis currents were tracking their respective references during this revised rotor time constant is
given in Figure 19. With incorrect rotor resistance, the g-axis current was low while during the revised estimated
resistance the current increased, this indicates that the machine's actual rotor resistance was higher than the one used
for estimation in Sections Il and IV.
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Figure 19: Current Tracking in the dq Reference Frame with the Respective Reference Values — Revised RTC

The estimated online rotor resistance is equal to the machine rotor resistance set above which is 1.2 as shown in Figure 20.
B

Online Rotor Constant Estimator

—|_>:I\— ftao_ij
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Figure 20: Online Rotor Time Constant with the Rotor Resistance Value being Displayed

VI. FURTHER DISCUSSION

The full system design for all the functions of the vector control requirement for this design is shown in Figure 21.
These functionalities include - indirect vector control of the motor drive with feed-forward compensation, field
weakening control and parametric drift in rotor time constant control.

Indirect Vector Control of Induction Motor Using Rotor Flux Orientation with Feedforward Compensation - Field Weakening and Online Rotor Constant Functionalities
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Figure 21: Indirect Vector Control of the Motor Drive with Feed-forward Compensation Model

The model was simulated to capture the system dynamics of the motor speed, slip speed, stator flux, torque and
stator current as shown in Figures 22 and 23 respectively under the online rotor time constant estimation and field
weakening. The online rotor time constant corrected the wrongly calculated rotor resistance at 1sec as the high flux
goes back to 0.6Whb rated while the slip speed increases as the rotor resistance increases to its machine value. It can
be seen that this model works according to the requirement and has a good tracking performance.
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Figure 22: Performance Operation of the Indirect Vector Control of the IM - Motor Speed, Slip Speed and Stator Flux

As the speed increases to 1800rpm, the stator current also increases in this proportion to maintain the constant power
while the flux reduces in the same proportion. The load torque remains constant because the input was set to the
rated torque hence the reason for the increase in input power through the stator current and voltage.
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Figure 23: Tracking the performance of dq Currents in Full Operation of the Motor
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All these complex functionalities are easily implemented on vector control without causing any long-term instability
to the system which cannot be easily achievable in scalar control as the motor flux will either collapse causing large
oscillation in the motor dynamics or speed changes may not be achieved at the desired times.
Vector Control (Indirect Rotor Flux Orientation):
e Advantages:
o Superior Speed Control: offers precise and independent control of motor speed and torque, Figure
22. This is achieved by decoupling the torque-producing and flux-generating components of the
stator current
o High Performance: enables faster response times, improved transient performance, and better
regulation at low speeds compared to scalar control
o Wide Speed Range: can operate the motor over a wider speed range, including near-synchronous
speeds, Figure 18
o Improved Efficiency: can potentially achieve higher motor efficiency by optimizing the magnetic
field within the motor.
o Disadvantages:
o Complexity: requires more complex control algorithms, sensors (rotor speed sensor is often
needed), and computational power compared to scalar control, Figure 21
o Cost: additional complexity translates to higher implementation costs compared to scalar control
o Tuning: tuning the control system can be more involved compared to scalar control.
Scalar V/f Control:
e Advantages:
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o Simplicity: Employs a simple control scheme based on adjusting the voltage-to-frequency ratio
(v/f) supplied to the motor [1]

o Low Cost: Easier and cheaper to implement due to the simplicity of the control scheme and minimal
sensor requirements (often only a stator current sensor).

o Easy to Use: Requires minimal tuning compared to vector control.

e Disadvantages:

o Limited Speed Control: offers less precise speed control, especially at low speeds and during
transient conditions, Figure 10

o Lower Performance: Slower response times and poorer regulation compared to vector control,
Figure 10

o Narrow Speed Range: effective speed control is limited to a smaller range, typically below the rated
speed [1]

o Lower Efficiency: may operate at lower efficiency due to suboptimal control of the magnetic field.

VII.  CONCLUSION

In this paper, the indirect vector control of the motor was implemented and the currents in both d and q reference
frames have a very good performance tracking in all the functionalities of this drive as observed in the simulation
results. The rotor speed also tracked the reference speed with a good performance. The transient conditions of this
vector control have better settling time as compared to scalar control.

This investigation explored the implementation of online rotor time constant estimation for indirect vector control of
an induction motor in Simulink. The approach utilized the rotor flux observer to dynamically estimate the rotor time
constant. The field weakening control was also implemented which allowed the motor to be operated above its rated
speed while maintaining constant power.
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