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Introduction Space Vector Analysis Hybrid Optimal PWM

Inverter Table: Sequence of vectors applied in sector | for P=5 N =2 : L . (Switching frequency variation)
— . . Optimal switching sequence is : g g
Modulation index Vector sequence in Optimal vector

| | | (M) Optimal Type A | Optimal Type B sequence obtained for various pulse numbers
sciM - Load @ Variable-amplitude variable-frequency 0< M<038 101 — 272 012 — 127 101-272 A hybrid optimal PWM with max

voltage is generated to control the 0.8 < M <0.88 101 — 272 012 — 127 012 — 127 switching freq (fa) of 250 Hz is

induction motor 0.88 < M < 0.94 121 — 212 012 — 127 012 — 127 proposed

® Switching frequency is generally much 0.94 < M < 1.0 121 — 212 012 — 127 121 — 212 fi < 20 Hz - asyn ST PWM; f; > 20
higher than maximum modulation Hz - optimal PWM

frequency Table: Switching transitions in sector | for P =5, N = 2 - . . - a
Modulation index | Optimal vector | No. of transitions Optimal 18 | (Comparfson Of/rhd) Fundamental Frequency (f,) —

Wret Ol Controller b eeabac (M) sequence Naa N2z sequence code e e o (Comparison of Power Loss)
0 < M E 0.8 101-272 (5,1) g - E —e— Optimal Vector Sequence .

1 4
1.4 : A | —=— ST PWM 250 Hz
@ Switching frequency is low in high-power IM drives due to high switching energy 0.8 <M <0.94 012 — 127 3 2 (5.3) . o e ; i

losses 094 <M < 1.0 121 — 212 5 0 (5,5) ‘

@ In high-speed IM drives the maximum modulation frequency is quite high Only nearest active vectors are applied and initial state in sector | is either O or 1 o

@ T his work addresses the problems associated with such cases where the ratio of Zero states 7 and 0 are not applied in 1°° and 2™ halves of sector |, respectively
switching frequency to fundamental frequency (pulse number, P) is low

Switching Frequency (in Hz) —

Gate Signals

Number of active vector transitions (/N.s) gradually increases with M 4 —e—Optimal Vector Sequence
_ % —=— ST PWM 250 Hz . . ,
Optimal sequence code = (P, Na,) : o o< = - i —
Modulation Index (M) — Modulation Index (M) —»

Problems with Low Pulse Number Applications Optimal Switching Sequence Map

Optimal sequence codes and the M ranges are plotted on a P Vs M map
_(Pole Voltage vgn)

VTR R A O S O S A @ Line-line voltage contains fllow-f?rderh The curves can be extended to any pulse number
i ‘0o Mr voltage harmonics (i.e., 5%, 7%, 11°

3 ) S 1B (135) . Challenges with Low switching Frequency PWM

These voltage harmonics produce AN \ @ Decoupled control of flux and torque is required for fast dynamics
current and fluxes of same order ’ : .

@ Too high current ripple = may destabilize the controller

High harmonic distortion in line
current

) L —

s @ The inverter delay becomes significant
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0 (degrees) —

Pulsat _ o @ The rotor flux estimation is required for sensorless control
ulsating torque is very hi

s rorgie Y e @ Flux estimation becomes inaccurate (phase and amplitude) due to low
(L-L voltage and line curren_t) (Torque Ripple)

Imp 19625_____.______:______; B A T N B e sampling frequency

/\“\ B ~ @ Closed loop flux estimator design is proposed and it is compared with

open loop flux estimator

Closed-loop Flux Estimator

y - — = - fwsa;; L, FquEstlmator .
Rat?ed torque 24 Nm? ' ' ' . . ' . ' 4 : | 7 Purf lstegfmmrf LD'T i | Céloseg [i;oop
L IR L, " Modulation Index (M) —> >R oL M A YA ’
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O bj eCtlveS Controller Performance Evaluatlon

(Flux Step Response) (Speed Step Response) (isg with Speed Change)

i LeCoy

» Minimization of line current THD QL] @ Amplitude of n® harmonic voltage component is given Flux efe;rer?ce
- D as: Y ——

» Determination of optimal switching sequences in space vector L, 2V

(1 — 2cos(nay) + 2cos(naz))

ni

» Minimization of pulsating torque in frequency domain and

@ Selective harmonic elimination (SHE) PWM eliminates
synchronous reference frame

(N-1) voltage harmonics for N switching angles per
quarter, e.g.

» Extend the proposed scheme to neutral point clamped three-level | |
| R O Vs — (1 — 2cos(5a1) + 2 cos(5a2)) = 0 i, W = Speed response is found to be very good at low
Inverter 0 30 60 90 120 s | switching frequency
O (degrees) — @ In optimal, oy and ap are selected such that H% + ?H K

is minimized subject to ";5 = ?) for minimization of 76

» Closed-loop control of IM drive operated with low switching frequency @ The fundamental voltage component is kept at desired level in both the cases The reference and the actual quantity are found to be

Varying between 250Hz and 500Hz @ The theory of torque harmonic minimization is extended to other pulse numbers X _ i R almost overlapping
also | —

Torque (isq) reference changes with every step-change in
speed and Torque (isg) is found to be tracking

» Predict the current and torque ripple based on PWM voltage

Steady state waveforms of line current, rotor-flux and
modulating signal are shown at f; = 49Hz s

@ First (N-1) torque harmonics are minimized for N switching angles per quarter

CU rrent THD Minimization Comparison of Pulsating Torque For P=5

__(Type-A Waveform)

(ST PWM) (SHEPWM) (Optimal PWM) _
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@ Two types of pole voltages are L Ll L] | R IO O N O | - ' HEERG v e | [ 0267 H

possible (type-A and type-B) ———— o (R R e 3 & - e [, | 0267 H
@ Switching transitions at 0° are _ | e o Ly J X -» . B . A y | ) L 0250 H
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@ Optimal PWM is solved for pulse N . (scale: 5.0 Nm/div.; 5.0 ms/div. and 2.0 Nr.n/div.; éOO Hz /div.)(fi = 35 Hz) | |
numbers (P) 5, 7, 9 and 11 bbb ] 1 @ The pk-pk 7 and 76 are reduced for optimal PWM as compared to sine-triangle #% | e /GBT based
C 0 30 6 29'0 120 150 180 210 240 270 300 330 360 e (ST) PWM and selective harmonic elimination (SHE) PWM AT P en o V,. =520V

B (degress) —
L. Experimental Comparison of Harmonic Torque
Performance Evaluation in Terms of Current THD P P g

s = 0), (P=1) for P=5

—e— Optimal PWM : | =e=Optimal PWM
: : : : © | —*—SHE PWM ; : : : - | —*—SHE PWM
2k : ; ; ? L. =E=ST PWM g% i | =E=STPWM
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