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Abstract

This research report deals with deriving the optimal first+third harmonic current setpoints for
different induction machine (IM) operation points. Since the rotor frequency and slip define
the torque, the third harmonic virtual machine cannot be controlled optimally in the meaning
of rotor flux-oriented control definition. Therefore the general torque equation is derived firstly
for only the first harmonic control and then it is extended to the first+third harmonic control

of multiphase IM.
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1 Introduction

The optimal control of multiphase machines with the injection of third harmonic currents is
provided by the optimization introduced in [1]. In this report, the optimal control of multiphase
(m > 3) induction machines (IM) is presented. In the beginning, the theory of first harmonic

control is summarized and then the first and third harmonic control is discussed.

2 First Harmonic control

The stator and rotor flux linkages are defined as

W, = Ly, + Ly,
W, = Lyi, + Ly,

(1)

where W, = Uy, U, T 45 = [igs, igs] ', % = [iar,iq] - The stator and rotor inductances are

defined as

Ly=1L,+ Ly 2)
Lr = Lu + Lra

The torque produced by the induction machine is defined as

T = %é}e{jxpsi;} (3)

which by decomposition to d-q reference frame equals
mp, . . . .. mp. . .
T = Tp%{] (\Ilds + ]‘Iqu) (st - ]qu)} = Tp (\I;dszqs - \I]qs'lds) (4)
The flux linkages (1) are decomposed to d-g reference frame and substituted to (4)
mp

JL“ (idriqs - idsiqT) (5)

T = % [(Lstas + Lytar) igs = (Lslgs + Lylqr) tas] = =

The stator and rotor currents sum defines the magnetizing current

bs + by = iy (6)



The voltage of the transverse and rotor paths are equal, which is defined by the equivalent

circuit parameters as
) R, . )
Jjwl,i, = — ( + ijM> iy (7)
S

The stator current is then defined by substitution of (7) and (2) to (6) as

(] R L R
's:. _'r:_. z i ] Lra _'r:_'r —~ - - 8
s =1, — 1 ]wLu<s +Jw ) ? ? (Lu szLM> (8)

The rotor current is then

L. R\, L, . Ly .
ir = — | — —j 1s = L‘L,’LS = w—#,zs = kirzs (9)
L, wl,s —swl, + jR, —w, L, + 7R,

where w, is the rotor (slip) angular frequency. Coefficient k;,. can be decomposed to the real

and imaginary part as

wrLy, B wrLy, —wp L — R, —waqu —w, L, R,
_wTLT +]R7‘ N _wTLT +]R7‘ _wTLT - jRT‘ - R% + W?L% jR,% + ng%

and the rotor current components are

. _szqu . eruRr . wTL,lL . .
R Wl R g T R any et ) (11)
—w, L, R, . w?L,L, . o wely,

Qgr = ids — bgs = == (—Rypigs — Wy Lyigs)
qr 2 272748 2 2792"48 2 279 rlds rLirlys
Rz + w2L2 Rz +w2Lz R2 + w2 L2

The torque equation (5) is then modified to

2
mpy _ wrly

T =
2 R?2+w2L?

((—errids + Rr‘%s) lgs — lds (_Rrids - erTiqs)) =
(12)

_ mpy eriRr (22 +22 ) _ mpyp wTLiRT‘ IQ
2 R24w2[2\% 2 R2+w2[2 ™

It is proven, that for defined current amplitude, its distribution to the d-q reference system
does not affect the torque because the rotor is isotropic and the d-g reference frame position

is freely choosable. Stator voltage is generally defined as

Vs = Ryts + jwWs = Ryis + jw (Lsts + L,y) (13)



Substituting the rotor current from (9) and (10) and decomposition to the real and imaginary

part (d-g components) gives

_ wrLZR, \ . WILZL, \ .
Vds = (Rs + WREerEL%) lgs — W (Ls T R2tw2l2 lgs

14)
w2L2Lr . wTLQRT , (
_ _ Yriptr ——HE—

Ugs = W <Ls R$+w3L%) lds + (RS - wR$+w%L$> Yas

The stator voltage amplitude is constant in the field weakening areas and is defined and

modified to

w.L2R, \* WAL, \?
Vi = (e ) | (R B Y (- L ]

R2 4 w22 R4 w22

which is again independent of the distribution of the currents to the d-g reference system.

2.1 Matrix form

The above-derived equations can be also written in the matrix form known from the theory of

optimal control of synchronous machines [2]. The torque is defined as

T = m;’p (i) T, = m2pp ()T J (Lyis + Lyi,) = mep (is)" JLi,  (16)

where all the equivalent circuit parameters must be written in the matrix form similar as the

magnetizing inductance

L, 0
L, = (17)
0 L,
and
0 -1
J = (18)
1 0

The equality of voltage of the transverse and rotor paths (7) is written as
: R, .
wJLyt, =— | — +wJ Ly | 2y (19)
s

The stator current is

R, . _ N
Gy =4, —tp = — (WJL,) " ( - +wJLM> iy —ip = — (Ly (L) + Ry (swJ L)"') 4,
(20)



where

L. (Ly) " = (Lro + Lu) (L) = Lyo (L)' + I (21)

where I, is 2x2 identity matrix. The rotor current is then
-1
ir=— (Lo (L) + Ry (w0, J L) ") = Ky (22)
where
1 —w?L, L, w.R.L
ir — W # g (23)
T +w7‘ T _wT‘RT‘LM _WZLTLN

The matrix form of the torque equation is then modified to

mpp

T = (i5) " JL ki, (24)

The stator voltage equation is generally defined in the matrix form as

vy = Ryiy + wJ W, = Ryi, + wJ (Lyis + Lyiy) = Ry + wJ (Ly + Lukiy) i (25)

2.2 IM optimal control

Since the torque and voltage equations are independent of the current decomposition to the
d-q reference frame, the only parameter in the torque and voltage equation is the rotor angular

frequency and the slip of the rotor.

The torque equation (12) derivative with respect to w, will be set to equal to zero as

or  mp, L2R,. (R} + w?L?) — 2w L2L2R

= T2 =0 26
oo 2 (R + ALY g (20)
and the optimal w, is calculated as
R
= +— 27
o = £ @7)

for both positive and negative torques which implies the MTPA definition (for constant equiv-
alent circuit parameters). Generally, in the field weakening area, the rotor frequency must be
increased to meet the voltage limit requirements. Equivalently, other regimes could be derived
for stator current vector placed generally in the d-q reference frame. In practical applications,
the rotor flux-oriented control is often applied and the flux linkages and currents are connected

to the d-g reference system which makes the calculations easier. Therefore, this control will



be expected now.

2.3 Rotor flux oriented control

The rotor flux-oriented control is defined as ¥, = 0. This flux linkage is by (1) defined as
Vo = Lyigs + Lyig, = 0 (28)

and the rotor quadrature-axis current is

—-i (29)

Decomposition of the stator current to d-q reference frame leads to

. . L . R
s = _Zdrf; - quﬁ

R,

qu = 14r wrly, qu L,

Substitution of (29) to (30) defines

. . L R. -
s = _Zdrf; + wrir lgs

(31)

. R, .
tgs = Ydr, T, +1gs

The second equation of (31) is valid only when i4. = 0. Equation (31) is then

Ids = —lgr
d q ery, (32)

Comparing the 4, currents in (32), we get general expression for w, valid for every operation

point as
R, igs
r = T T 33
“ Lr 1ds ( )
The k;,. coefficient (10) is then
_ (&%—3)2[, I _Rplesp o 2 .
k' _ Lr ids BT _'_ . L'p ids o _ _ﬂ qu _ & stlqs (34)
T g Ry igs |2 J Ryigs\2 72 L, i3 +142 ]LiQ—i—z'?
Rr + (ﬁi) L% R% + (ﬁﬁ) L?« r lds qs r tds qs



Substituting second equation of (32) to (5) while i4. = 0 leads to

2
mpp Lu . . . .
T = 9 szszqs = kTstqu

The stator voltage can be obtained by substitution of (33) into (14) as

L—‘Q‘idsi < Litﬁ
L q . L. °qs . . /-
vgs = | Rs +w .QT o | s — W Ls— ) - o> | Yas = Rgigs — WLqus
ds + qu s + qu
2 2
qs . . . .
Vgs = W Ls - 3 — 1ds + Rs +w .QT . lgs = stZdS + Rszqs
15 + 12 15 + 12
ds qs ds qs

or simplier by substitution of rotor current ¢, = O—j%iqs into (13). Inductance L, = L, —

only helps to simplify the equations.

2.3.1 Matrix form

Under these conditions, the stator flux linkage in the matrix form is defined as

Tds 0 Ls 0 lds .
W, =1L, + LM = = L1,

. Ly : ’ .
lgs —Tigs 0 L igs

and the voltage
v, = Retg +wJ Lig

The torque is then defined from (16) as

T="PrTyw, = T gL,
2 S 2 S
The symmetrical matrix A is defined by [2] as
0 L
m m
A="T (gL, LJgT) =" | = AT
2 LA
2L,
and the torque is then
T = (i,) Ai,

2
L.
L,

(39)

(40)

(41)

Now the general equation describing the IM are known and specific operation areas and point

will be discussed.



2.4 Maximum torque per Ampére (MTPA)

Presuming linear magnetic circuit and constant equivalent circuit parameters, the optimal

control of the induction machine results in 745 = 7,5 according to (35). The optimal rotor

frequency is defined in (27) as w, = :l:f—: for both positive and negative torques. The maximal

torque is limited by the condition

ige +ing < I7

max

2.4.1 Maximal speed at MTPA

For every MTPA point, the stator currents are known. The voltage is limited by

2
vds + qu — Vmax

From (36) and (43), we get equation

(Ryigs — wLligs)® + (Ryigs + wlyigs)® = V2

max

which leads to

(L%ds ([/)2 2 ) w? + 2Rigsigs (Ls — L)) w + R? (z’fls + ii) V2 —0

max

and the maximum MTPA speed is

_RsL stzqs + \/Rs 2 st (Ldes + (Lg)Q ng> (R (st + 12 ) V'n%ax)
LQst + (L) 2,

w =

s

This limit can be calculated for every torque value.

2.5 Maximal Torque Characteristics

(42)

(43)

(44)

A different approach is applied when the maximal torque-speed characteristics are calculated,

limited by (42) and (43). With increasing speed, the optimal torque is reached by MTPA until

limit (43) is reached at speed defined by (46). For higher speeds, maximum Current (MC)

and maximum torque per volt (MTPV) are applied.



2.5.1 Maximum Current (MC)

Maximal torque at speeds higher than nominal speed is obtained by

-2 2 72
Lds + qu - Imaaz

max 7' s.t. (47)

2 2 __ /2
Uds + qu - Vmax

Expressing 7,5 as
iqs =V ]gnax - i?ls? (48)

equation (44) is then

2R (Ly = L) ias\ T2y — 13, = Vitow = (B2 4 w0 (L)) I +w® ((LL)* = L2) i3, (49)

max max

Current 744 is then equal to

, —B—VB2—1AC (50)

lgs = 24

where
A=w? (L, — L,)" [w? (L, + L,)* + 4R?|

B =2Dw? ((L,)* — L?) — 4R%w?* (L, — L,)" I2
(B0 = L2) = AR%? (L = L)’ T 51)
C = D?
D = Vn%ax - (RE + w? (L/s)z) Ifna:p
2.5.2 maximum Torque per Volt (MTPV)

For higher speeds, the machine operates at the voltage limit whereas the current can operate

under its limit. The stator currents are derived from (36) as

. RgvgstwLivgs
Yds = "R2io?LiL, (52)
. —wLlsvgs+Rsvgs
lgs = TRI{LILL,
The torque is then
kT 2 /2 2 271
T = grroanr, B (CLak+ L) + (B =Ll vavw] - (53)
and it is maximized at constraints
max T s.t. v, + vqgs = Vi (54)

10



The d-axis component of voltage is

Vas = £/ V2,0 — V2 (55)

and the torque is

Rw (~Ls (V2.

—v%,) + Ly2,) & (R2 = WP L L) vge\ V72

s7qs max

R2 + w2/ L,

_ 12
qu

(56)

T =kyp

Voltage v4s for maximum torque is obtained by the torque derivative equals zero simplified to

(R2—w?LiLs) o

dcgs = 2Rsw (Ls + L) vgs £ (R2 — WAL, Lg) \/ V20w — v, F s vz, =0 (57)
Which implies in the quadratic equation of vgs with solution
s V2 Ruw(L+ 1L \/ R? +u2L2) (R2 + w2 (I)?
o Vi, ( ) ) ( (L4)°) (58)

"2 2 (R +w2L?) (B2 +w? (L))

valid for the plus sign (equivalently minus sign is valid for v2,). The minimum speed of MTPV

is defined as a point where the current limit 7,,,,, under the MTPV control is reached.

2.6 Field Weakening (FW) Area

It is a big area of IM control in higher speeds where MTPA cannot be reached and we are
not at the maximum torque curve. The stator voltage is defined by (44). For chosen machine

torque, expressing i4s from (35) and substituting into voltage equation gives

T T2
gy (R2+w? (L)?) +i2, |:2sz151“ (L, — L) — Vﬁm} iz (R?+w*L?) =0 (59)

Current iy is calculated and 4 is obtained from (35).

3 First + Third harmonic Control

The idea of first+third harmonic control of IM is based on presented papers relating to the
multiphase machines and nine-phase IM [3] and the paper presenting the solution of optimal
currents for five-phase PMSM [1]. The nomenclature of different operation areas and regimes

is taken from [1]. The solution is based on the matrix expression of the torque and voltage

11



equations and the numerical solution of the optimization problem. Therefore, this part will be
mainly focused on the specific problematics of IM and its practical solution. The parameters
of the equivalent circuit are enlarged to the third-harmonic parameters and distinguished by
superscripts ! and 3. The third harmonic injection is seen as the creation of two virtual
machines coupled through the same synchronous speed of the magnetic field n, and the

mechanical speed of the shaft. From the slip definition

Nng—n

S =

(60)

Ns

implies that the slip is constant for both virtual machines. The synchronous angular frequency
of the third harmonic machine is three times the synchronous angular frequency of the first
harmonic machine

w? = 3w, (61)
just as the rotor frequency

) (62)
w? = sw? = 3w!
For every virtual machine, the optimal rotor frequency is given by the equivalent circuit param-
eters and stator currents. Therefore, the situation with both machines optimally controlled is
generally impossible; it can occur only for specific conditions or at specific operation points.
For simplification, let us expect at first look that both machines are controlled optimally in

the MTPA.

3.1 MTPA if both virtual machines are controlled optimally

The torque produced by every harmonic component v is

)
Tl/ — Vmpp ( iu’) Z'I/ Z'l/ (63)
2 L? dsqs

Expecting optimal control, the total torque is

1 2 3 2
ey (L) (127 3mp, (L3) (1)’ (64)
T'=T +1"= -+
> Il 2 > I3 2

12



The equivalent current amplitude 1, is defined as
2 1)? 3?2
(1) = (1) + (13) (65)
The amplitude of the first harmonic current can be defined as
(1L)" = (L) (1 — (i3,) ) (66)

where i3 = I} /I, is the third harmonic current amplitude in the per unit system. The torque

is then

2 2 2
T = mfp([z? (I,)° + mfp 3 <I§3> _ ([]/;1“1) (I,)? <i3u)2 (67)

T

The first part of the equation represents the torque produced if only the first harmonic current

is applied. The torque can be generally maximized under three conditions:

L32 Ll2

In this case, the second part of the torque equation is negative and the torque is maxi-

mized if igu = 0. The torque equation is then (generalized back to d-q currents)

11 68
2 J1 stqu ( )

L3 2 Ll 2
2 35 )

The second part of the torque equation is positive and the torque is maximized when

3 prmm—

»u = 1. The torque is then modified to

?

2
3
T = 37 (72) 8 (69)
- 2 L3 ds“qs

T

The second part of the torque equation is zero and the torque can be maximized by

using both only first harmonic or only third harmonic currents.

13



3.1.1 Matrix form

The induction machine parameters are extended to the four-dimensional matrices as e.g. the

stator inductance matrix

L; 0O 0 O
0 L; 0 O
L, = (70)
0O 0 Lg’ 0
0O 0 0 L‘;’
The matrix J is ) )
0 -1 0 O
1 0 0 O
J = (71)
0 0 0 -3
0 0 3 0

. . .1 .1 .3 .3 T . _ .1 .1 .3 .3 T .
and the current vectors are i, = [i, 1y, i5q,95,]  and @ = [iyg, 7., 704, 75,] - If both machines

are controlled optimally (W, = W3 = 0), the rotor current vector is modified to 4, =

[0, —i—}fiés, 0, —i—éig’s]T The stator flux linkage is then
L' 0o 0 o || L 0 0 0 0
: L.
B NS Z N B P B U R - S
s — Lisls plr = -
0 0 L 0 ||, 0 0 L% 0 0
0 0 0 3| ] [0 o o B||-H
L0 0 0 i
1 2
o -l g 0 i,
0 0 L3 0 3,
3 2
0 0 o -l ||,
(72)
The symmetrical matrix A is according to (40)
0 L 0 0
Ll
5 0 0 0
A:mzpp 2L1 y (73)
0 0 ?’TLﬁ
3
0 0 354 0

14



The optimization problem can be then built as

min 44 ' g
s.t. 45 Aig—T =0

The Lagrangian is formulated as
L (s, \) = —is i+ A (4, Ady = T)

The derivative by 2, must be equal to zero

which is _ ) _ . -
i w00 i
RECA N2 o000 || .
i, 200 0 0 37|,
2, 0 0 335 0 ||

Since )\ is not a matrix, this set of equations can be valid only for |il,| =

in two special cases:

=0and \ = +-4

1. zd—z mple

LS
3mp L3

2. iy =i, =0and A\ = £~

which corresponds with the results from the previous chapter.

3.1.2 Real IM parameters

The magnetizing inductance for different harmonic components is

t, ko \
L = LoOgm 5//[ <Nsy>

is,| and i3] =

(74)

(76)

(77)

73
qu

(78)

Even if the winding factors of both harmonic components are equal (e.g. full step winding

with ¢ = 1 leads to k, = 1 of every harmonic component), the magnetizing inductance

is proportional to 1/1/2

The rotor inductance of every component is defined by (2).

The

rotor leakage inductance L,, almost does not change for different harmonic components and

2 2
therefore the fraction (Lf;) /L2 is more than 9-times smaller than (Li) /L. If the idealized

15



rotor inductances are used LY = 0, the expression in parentheses in (67) equals

L32 L12 )
4 _ 3 1 _ 1
35— =30~ L, =L, (79)

Even if the most optimal solution is considered, the torque produced by the combination of the
first and third harmonic components cannot exceed the first harmonic torque (if the voltage is
not limited). Therefore, in the MTPA operation, only the first harmonic currents are
applied.

In the real machine, both harmonic components will not operate with the optimal rotor fre-
quency. Therefore, the torque equation (63) is not valid, and general equations must be

used.

3.2 Real control

Only the matrix-based solution will be presented here. Equations (16), (19) - (22), and (24) -
(25) are valid with the extended equivalent circuit components to 4 dimensions. The coefficient

matrix k;, equals

—wZLlL} wrL} R} 0 0
(RI*+w2(LE)?  (RL)*4w2 (L))
—wr LR} —wiLL L] 0 0
k.. — (RL*+w2(Lh)?  (RL) +w(L})? (80)
w 0 0 —9w2L3 L3 3w, L3 R
(R3)*+9w2(L)” (R} +9w2 (L)
0 0 —3wr L3 R3 —9w2L3 L3
L (R2)*+9w2(L3)*  (R3)*+9w2(L3)* |

The final matrix A = %JLHICZ-T can be obtained again and the matrix solution is used in the
optimization process. The matrix is not symmetrical but it is OK with the used optimization.
The problematic part of the optimization is that the only parameter that is changed and defines
the operation point is the rotor angular frequency. Since the rotor angular frequency is included
in the matrix A, the matrix is changing and the solved problem is nonlinear. That complicates
the calculation and therefore the matrix must be defined for every calculation separately and
the optimal rotor frequency is found numerically. Only in the MTPA case, the currents are

defined manually.

16



Tab. 4.1: IM equivalent circuit parameters

Parameter Value Unit
First harmonic | Third harmonic
Number of phases m 9 -
Number of polepairs p, 2 -
Stator resistance R, 1.36 Q
Rotor resistance R, 1.09 1.05 Q
Magnetizing inductance L, 685 88.1 mH
Stator leakage inductance L, 13.4 14.4 mH
Stator inductance L, 698 101.5 mH
Rotor leakage inductance L, 32.7 38.9 mH
Rotor inductance L, 718 127.0 mH
Resistance respecting core loss Rp, 2344 1224 Q
4 Results

The calculations are verified on an example of a nine-phase induction machine with parameters
summarized in Tab. 4.1. The resistance respecting core loos is neglected in the mathematical
model but it is shown here for completeness. The voltage amplitude is limited to V,, =

230v/2 V and the current amplitude to I, = 7.5 A. Maximum speed is 7,0, = 5000 min~—".

4.1 Maximum torque characteristic

The results of modeling only the first harmonic control and a combination of the first and
third harmonic control are compared. Fig. 4.1 shows a comparison of the current trajectory
in the d-q plane (both first and third harmonic currents). Comparing the first harmonic
current of both control strategies, it can be seen that the trajectories in the MTPA (blue) and
MTPV (grey) operations are identical for both control strategies, but the speed point where
MTPV is reached is different, see below. The biggest difference is in comparison of the MC
(yellow) operation of the first harmonic control and MTPA Il (red) and MC&MT (yellow) of
the first+third harmonic control where it is obvious the increase of the first harmonic current

amplitude thanks to the third harmonic current.

The resulting torque-speed and power-speed characteristics are shown in 4.2 and 4.3, where
dashed lines correspond with only the first harmonic control and solid lines with first+third
harmonic control. The increase in the maximum torque and power is significant. The speed
where the control switches to the MTPV also increases in the first+third harmonic control.

A comparison of the rotor angular frequency w, is shown in Fig. 4.4. The rotor frequency is

17



dql currents

dql currents

dq3 currents

12t i 12+ . 2.5 -
10} . ol | 21 §
sl | I |
» o)
6+ -
< 4l - @ !
| | _ _
0 _ - -
2L _ I i
4t i
-4t 1 -25} 1
0 5 0 5 05 0 05 1
iid (A) a) i;d (A) b) ii’d (A) c)

Fig. 4.1: Stator current in the complex plane (a) only first harmonic control, (b) first+third
harmonic control - first harmonic current, (c) first4third harmonic control - third
harmonic current

higher up to the yellow P3 point (the last point with a symmetrical current waveform). After
that, the rotor frequency slightly decreases until the black P6 point is reached (the first point
of symmetrical voltage waveform) and the rotor frequency then increases but it is smaller in
comparison with the first harmonic control, which indicates smaller rotor currents.

The graphs of amplitude and phase shift of stator currents and voltages are shown in Fig. 4.5
and Fig. 4.6. The area of the decrease of the rotor frequency (between points P3 and P6) is
also an area of decrease of first harmonic current and increase of the voltage.

The last figure (Fig. 4.7) displays a comparison of the Joule losses of the first and first-+third
harmonic control defined as

AP; = —is ' Ryis + —1, R,

5 5 (81)

where R and R, are defined similarly as L in (70) and i, is defined from the equivalent

18
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Fig. 4.2: Torque-speed characteristic of only first harmonic control (dashed lines) and
first4third harmonic control (solid lines)

circuit or as i, = k;,i5, where k;,. is defined in (80).
It is obvious that the decrease in the Joule losses in the flux weakening is significant when the

third harmonic is added.
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Fig. 4.3: Power-speed characteristic of only first harmonic control (dashed lines) and first+third
harmonic control (solid lines)
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Fig. 4.4: Rotor angular frequency of the maximum torque curve
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Fig. 4.5: Current amplitude and angle of first harmonic (solid line) and third harmonic (dashed
line) component
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Fig. 4.7: Comparison of Joule losses of only first harmonic and first+third harmonic control for
the same torque-speed characteristics (equal to maximum torque of the first harmonic
control)
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Fig. 4.6: Voltage amplitude and angle of first harmonic (solid line) and third harmonic (dashed
line) component

5 Conclusion

This report brings a comprehensive summary of the operations of a generally m-phase induc-
tion machine in all operation strategies relating to the stator current optimization.

The second part of this report is focused on optimal control with the combination of the first
and third harmonic control of the multiphase (m > 3) induction machine. The boundary
conditions define only the limit of maximal amplitude of both current and voltage. It is proven
that until the current or voltage limit is not met, it is not beneficial to apply the
third harmonic currents (expecting realistic equivalent circuit parameters).

The maximum torque-speed characteristic requires both first and third harmonic currents for
all speeds and control strategies (MTPA II, MC&MT, and MTPV). There is obviously a large
increase in the maximum power-speed characteristic, more than 30 % for every speed
point. It is caused by the increased maximum value of rms of current or voltage or both.

If the same torque-speed characteristics for both control types are compared, the decrease of
the Joule losses (proportional to the rms value of current) is significant.

Since the combination of the first+third harmonic control of multiphase IM seems very promis-

ing, we can define three points that can partially devaluate its benefits (excluding the problems
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with the power converter, switching frequency, number of conductors, etc.):

1. Increase of iron losses. The complicated current and voltage waveforms induce higher
harmonic components in the magnetic flux and flux density which can generally increase

the iron losses, which can partially compensate for the effect of decreased Joule losses.

2. Nonlinear parameters. All of the calculations were expecting the constant equivalent
circuit parameters. The magnetizing inductance is usually mostly affected by the sat-
uration of the magnetic circuit which leads to the deviation from the MTPA to obtain
the most optimal torque. We cannot guess now how the parameters will change during

the first+third harmonic current control.

3. Different maximum voltage. If we start to think about the multiphase machine as a
counterpart to the existing (or designed) solution with a three-phase induction machine,
the discussion about the maximum available voltage is inevitable. Since the input voltage
of the DC link is expected to act similarly for all machines (simplified as a constant),
the amplitude of the phase voltage is increased by the non-rotating component (m-
th harmonic) by the space vector PWM or triangular zero-sequence PWM techniques.
Practically, without these techniques, the amplitude of the phase voltage equals Vo /2.
Application of these techniques increases the motor voltage and defines the amplitude of
the line-line voltage equal to Vpc. An increase in the phase voltage is then 15.5 %, 5.1
%, 2.6 %, and 1.5 % for 3, 5, 7, and 9-phase machines respectively. But the multiphase
machines are generally designed with the higher winding factor and the decrease of the

phase voltage is compensated.
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