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Introduction: VSI and CSI for Drive Systems

Voltage Source Inverter (VSI) drive system => typically direct connection of the motor terminals to the switch node
= VSl generates pulsed voltage over motor windings =

VSI CSI
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Current Source Inverter (CSI) drive system -> provides ‘smooth’ line voltages over the motor windings due to output filter capacitors

= Therefore, ‘could’ potentially typical for the VSI drive systems
Blocking of voltage and current in both directions for CSI >
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Introduction: Modulation VSI and CSI?

=  Pulse width modulation ( ) is well established and mainly

used for S
are calculated

VSI

Jok Jox a3
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JoE ok ok

PWM for VSlIs is done

= For more then 3 phases, the same principle applies: voltage
reference divide by the DC link voltage

= To get more voltage amplitude > zero voltage component
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from the voltage reference

4/33
For the best established modulation method is
There are approaches for CSI, but it is so
like with VSlIs
CSI
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Duty cycles for CSI can not be calculated directly from the

current reference like for VSls, or can they?

There s method for that works for
, is there a way to do it?
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» uniCSl: CSI Topology for Variable Reluctance Machines
» Equivalent DC Machine (E-DCM) Concept

- Permanent Magnet Synchronous Machines (PMSMs)

- Variable Reluctance Machines (VRM)
» Conclusions
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CSI Commutation: per Cell

Current source inverter modulation process is not straightforward as for the voltage source inverters (VSlIs)

u
=  For VSls, duty cycles can be calculated by simply dividing the desired voltage per phase with the DC link voltage
=  For CSls, such direct approach as for VSIs is not possible since we have to actually always ensure the ‘flow’ of DC link current
=  For CSls there has to be always one and only one of the upper switches on, and one and only one of the lower switches on
Conventionally, SVM is mostly used for CSI modulation
de [d Idc
Po Po —_— [be]
T, J il T»IJTb»i—T»I— ..... Sy,
o> o> . L a ............................. c ............. Upper Cell T T [ba]
A la ac il
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Neo ¢ Neo .

= VS| commutation loop = half bridge
= CSI commutation loop 2> cell

Picture source: Nain, N., Kovacevic-Badstuebner, I., Huber, J., Grossner, U., & Kolar, J. W. (2022, October). Design aspects of three-phase current-source converter commutation cells with monolithic bidirectional GaN transistors. In 2022 IEEE Energy Conversion Congress and Exposition (ECCE) (pp. 1-8). IEEE.
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CSI Modulation: Requirements

= The task of the modulation is to ensure the desired value of the average phase current at the output
switch on 2> current pulse; switch on 2> current pulse; switches on 2 current

= Every switching state must ensure the ‘flow’ of the DC link current

Idc S“] dulTSW } }
_ 1+ —= i |
< dys +dyp +dyz =1 | |
u : :
0 "Taw 2T 5w
j S . : :
11 A Al |
| . | 1 Average value of the current
(‘D | S 0 o — T (i1) is obtained by averaging
13 i1 | ! ! the DC link current pulses.
lact | | |
& d+d,+ds=1 0 Tow | P
11T ap Ta = Y| | |
(i1) =0 ! (i1) > 0 !

<i1> — Idc(dul — dll)

m Current source inverter modulation process has to ensure the following two conditions:

1. Average value of the phase current: (iy) = Izc(dyy — dpp)

2. Continuity of the DC link current: dy+dy,+dyiz=1 and dy+dp+ds=1
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CSI Modulation: 15t Requirement — Phase Current Average Value

= CSl needs to provide to the AC load desired averaged phase
current value (i,)

= The phase current is ‘algebraically’ obtained from the duty cycles (7,1}
and the DC link current value, and it is equal to the difference of

the upper and lower duty cycles: lac T
0
(i1) = Idc(dul - dll)
—Ijc
h | ut
=  We can have an extremely simple approach to obtain u _ )
the phase current: 1+ . zf’ (i1) = Igc(d'q —ﬂ/zb
-for(i,) >0 2> putd’;; =0 ul = T
-for (i;) <0 = putd'y; =0 I4c
0
dgy

1+ ) . ) /
d;Zl = —;1/\ (i) = Idc(g/ll —d';y)
dc
0
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CSI Modulation: 2"d Requirement — Continuity of DC Link Current

To provide the flow of the DC link current = the upper duty cycles need to sum up to unity: ) d, = 1
= To provide the flow of the DC link current > the Iower duty cycles need to sum up to unity: D d =1
= But, by just calculating duty cycles from the ratio "/,d of l"/,d , they do not add up to unity!
A Y, (i2) (i3) Il (i1) (42) (43)
= 0 - Excess duty cycle

0
Ad=1-(d1+d,+d
—Idc-w -IdC" ( 1 2 3)

1+ d{ll d{ﬂ d:l'?’ 4 1 M 1 vavm
Uk
. Tae dy+d,+d;#1 .
0
1 __d';zz d23 dle i /1 11 dlm + ‘%2 + df?:s 1+
de . e e i e
dy+dp,+d;3+#1 Ad
O . 0 O_%MAAA,

= The ‘leftover’ duty cycle, i.e., the difference of the duty cycle sumto 1 = excess duty cycle Ad
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CSI Modulation: Excess Duty Cycle - Ad

=  What would happen if we distribute Ad equally between the phases = we solve the continuity of the DC link current requirement!

, Ad
dyy =d'y +?
Ad
dy, =d'y2 +? ¢ dyr +dyz +dyz =1
, Ad
dyz =dy3 +?
dy=d +Ad
n=dn+-
Ad
dip, =d'; += E> dip+dpt+dz=1
dz=d +Ad
13 =0+
/ / /
11 dul+du2+du3 1 bodut +du2 +duz =1
N T T N N
Excess duty cycle 0 +Ad 0
Ad=1-(d,+d,+4d5) 14 dy, + dyy + djs 3 : 1 de1 +dpo +dpz =1
P T U Y Vo
0 0
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CSI Modulation: Excess Duty Cycle - Ad

= Adding excess duty cycles solve the issue of the DC link current continuity (15t req.), but did it mess up our averaged phase current (2" req.)

. Ad
dy1 =d'y1 +i? '
L , , . Ad . Ad _
dy, =d'y +i% i E> dys +dyy +dys =1 dy—d'py = <d ur T ?> - (d nt ?> =dy; —dp (i1) = lac(dys — di1)
d d' +iAd i
us = Guz ¥ , , Y . Ad N I d—d
! ! du2_dl2: du2+? - dlz‘l‘? :duz—dlz (1'2)_Idc( u2 — 12)
ind]
dn=d'n ‘H?:
: : lJ 1 ! Ad ! Ad J = -
'Ad | do 4 do+d 1 du3_d13:<d u3+?)_(d l3+?>:du3_d13 (i) = lqc(dyz — di3)
dp,=dp, +—" ¢> =
12 12 +: 3! 11 12 13
d d' +i Ad i
13=03 :_3“:
1st Req. 2nd Req.
Ay +d o, +d, 1 dyg —dpy  dip —diy  dig —dig 1 bodui—der due—dgz duz—des3 1} w1t duz £dys =1
1 e~ T T

o4~/ N 7 N\
 — .
o+—£LN /N /A 18 S1 0 ~

= Adding excess duty cycle does not mess up our 2" requirement for the averaged phase current!
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CSI Modulation: 4 Simple Steps

= Split calculation of the CSI duty cycle into simple steps:
1. Calculate the initial duty cycles as: dyor = % , Aok = % where k € {1,2,3}
2. Calculate excess duty cycle: Ad =1 — (dyo1 + dyoz + dyoz) = 1 — (dyor + dioz + dioz)
3. Distribute excess duty cycle: Ad;= Ad,= Adz= %

4. Calculate final duty cycles:  dyq = dyg1 + Adq, dyy = dygp + Ady, dyz = dypz + Ads
dpy =dj1 +Ady, diy =dyoy +A4dy, diz =dyp1 +Ad3

Upper Final Duty Cycles

dy1 +dy2 +duz =1

120 R0 240 300 360

Angle (°)

Lower Final Duty Cycles
T T T y\y T T di1 +dig+dig =1

60 120 180 240 300 360
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Three-Phase Example for m = 0.8: Ady = Ady = Ads = ‘/‘\‘Td
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Multiple Threshold Modulator (MTM)

= The calculated average duty cycles are supplied to the ‘multiple-threshold modulator’ to generate gate signals for switches

Upunn/‘gn
1
du1 + dy2 e———F
Vpwm /Vim /_' qul
du3 -
dy1 + du2 dyt e— 5 T
qQu2
(lu2 ’_/—‘
1u - P . . . .
o vpwm/Vim (b) and (c) are digital circuits ensuring gate signals
dut (b) happen one after the other (‘relay race’)
0 du1 du1 + du2 1 t/T,
Ju1 ; :
! I: i>c S,
u3
0 t/Ts

t/Ts l

Gu2 qul

Gate signal for the upper switch 1 1 —I

t/T ©
Gate signal for the upper switch 2 1 |—|

T [T ]

0 : : : t/Ts

Gate signal for the upper switch 3 L

0 5 - - t/T.

(@
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n-Phase CSI: the 4 Simple Steps

= These modulation steps can be generalized for n-phase CSI ;
+ L— dc
1. Calculate the duty cycles as: dy o = 7 , Aok = 17" where k € {1, ...,n} J} ,J}
‘ P g | Sul SUQC'J: Sun OJ:
2. Calculate duty cycle: Ad =1—YK=dyo =1 — K0 djor izwéé Izggey 4 v i I R
+ .
I — ntr = . <
excess duty cycle: Ad;= --- = Ad, = % de )T Control : 2 .
4 Y T =T = #
4. Calculate duty cycles:  dyr = dyor + Ady o L C
dix = diox + Ady Sll SzzJH} Szn»Jq}

Z))]; % o om uOk u}'\,
1otz '3 dyuo1 duo2 duos [ dy1 duz dys
duOk —+ ( duk - uk
eq. (17) eq. (24)
Ad
[t Ad
S ol
eq. (17) n eq. (24)
diok +y 7 di; d
o lk

diok

dyp,
dio1 dio2 dios dpy diz dig
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n-Phase CSI: the 4 Simple Steps

3-, 4-, and 5-phase examples
* Phase reduction when number of phases is larger then 3 = factora

three-phase CSI: n =3,a =1 four-phase CSI: n = 4,a = 0.707 five-phase CSI: n = 5,a = 0.618

fio jf;e ge
FC O ISREEL HRERES
2 ! N /Y !
S I/ \/ \/ = =
< | X X X X X X < X <
RN VAN / \ / \ LN/ NN/ N\ =N A\VER VAR VA
< gl M LN LN AN VD D VA VANIDAN
L P~ 1 1
< \/ \/  \/ =z S
£ X X1 [ X X X X 2 X X | X
= / \ / \ JANRERVEANIVEANPEANVEN =R VA A VAR V4 \/
VoL N LN LN N T AN TN

0 5 - 10( | 15 20 0 5 - 10( | 15 20 0 5 - 10( | 15 20
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factor a(n)
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CSI Modulation: Experimental Verification
= CSl realized using 650V SiC MOSFETs Sl == e 2 o N N N I =
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CSI Modulation: PLECS

= Reaction from PLECS for the proposed method: ‘...you can realize CSI modulation without C-script block? Incrediblel...

e D— S 834000 N L NOTF—> su3

Sren 1 u[l]+u[2] %j:(Jf
tep ! -

e >— @ > dio “ o

duo [> b del_d i
Step 2,3 @ e :
ull]+uR] — :(+
as d d ufl] + NOT
i >D S
Step4  deld ] IO
dio dl /\/‘/

PWM CLB

NOT

NOT 44 > SI3

A
v

Works for any
number of phases!

* Implementation: PWM registers + CLB (Configurable Logic Block)
FPGA
Infineon PSoC (old), Microchip PIC16F13145, Tl F28P55x
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CSI Modulation: PLECS

=  The proposed CSI modulation method will be in PLECS library in the new version 5.

Multi-Phase Current Source Inverter

5-phase inverter currents
— il —i2 — i3 i4 —ib

Current / A

Upper-cell duty cycles
du4 = dudS

™ PLECS

@ Lower-cell duty cycles
—dl1 —dl2 — di3 dlé — dlb
) > DEMO MODEL L —a mm —as —a5
(R R A e U a U a U a Y s rraSras
0.0 T T T
0.00 0.01 0.02 0.03 0.04

Time /s
Figure 8: Simulation results for 5-phase CSI

Multi-Phase Current Source Inverter

4 Conclusion

This demo aims at showcasing a novel modulation technique for current source inverters with an arbi-
trary number of phases.

Last updated in PLECS 5.0.1 References

[1] Pejovié, P., Ohno, T., Borovi¢, U. and Miri¢ S., “Pulse width modulation for current source in-

verters with arbitrary number of phases,” in Scientific Reports 15, 8744 (2025). Available:
https://doi.org/10.1038/s41598-025-92388-9. [Accessed: Aug. 28, 2025].
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Content

» uniCSl: CSI Topology for Variable Reluctance Machines
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Reluctance Machine: Unipolar Currents

Built from iron and copper = no permanent magnets; good ratio of the torque and the moment of inertia = good acceleration
= Torque is proportional to the inductance change and the square of the current = unipolar phase currents

i

8 = rotor angle i i |
La
Inductance L max
phase A L min 0 wt
T / 2 : 9 Z /‘/‘ ------------- 1“) ------------------
L 2
Inductance 8 L max a
phase B \__/\M 2 L ; wt
; T ~i2 — S
Le °
Inductance L max a @
phase C L min (a) 0 wt
B

current | 5 . i 2 i3
o R . / \/ \/ \/ \/
e [ — - \ N A AN AN AN AN AN

ic
s 1 — -

T e E//. ---------------------------------------------------------------------------------------------------
Total i1 2 i3
torque = | _- /_\
e PR X
; S
0 ‘ wt
(©) wh

Unipolar phase currents
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CSl for Unipolar Currents (uniCSl): Topology Derivation (1)

The average phase current is proportional to the duty cycle difference of the upper and lower CSI cells
* If we need positive only current > we can realize it with the upper cell only!

(i1> = idc(dul — dll)

E& & tde Upf:)_e_r_ _QSI}CGH
L iqc i_"’ i i1 1
+<> - E} - E> . _i_!_l_ . il_& i T T %Ea_
- ' |
Que S g T

RL load represents a reluctance machine that needs positive only phase currents!
=  How can we further develop this topology?
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CSl for Unipolar Currents (uniCSl): Topology Derivation (2)

= To improve the topology on the left, we can do the following:

1. Swap the position of the CSI cell and the RLload = this allows us to have MOSFETS sitting on the GND — simple gate driver design
2. We can remove the DC link inductor, since the RL load’s inductance is ‘seen’ on the DC side and can support the CSI opration

11

uniCsl

U €31 el Thik = i iz iy = e

e S ih R L i L o

i Lt i4c : | Y de—— 1w

191 . il_é E B - — % |:> . % | . —
)Zj,fm J Ugy _H’H_N_E_ 1T C)(;m J:} Uswy T T

= In uniCSl topology the sum of phase currents is equal to the DC link current.
= Open end winding of the reluctance motor = enables us to remove the DC link inductor!
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uniCSl: Switch per Phase

In case of n-phase Variable Reluctance Machine (VRM), we need n-MOSFETs - switch per phase
= High-frequency operation of the switches = ‘distributing’ the DC link current among phases

) g e St
rl"l ide (7,2> S2
n-phase VRM uniCSI = (is) S3
4 g ~ !
() U, :? tde — (fil)__ _ii2> (/53>
=T
i e @
197 (i1) S)
J A N g s
— tde (1 lde
C)Um ,':3 Usw 9 A2 - — —
3 (i3) ide — (i2) 5:&J
n L
Ot |o% wl ]
] [T T]
)
(i1) S1
] ] ) _' B .
* Line to line voltages are ‘moving’ currents between phases = m bde @__': 22
=1 [(iz) (i3) idc Sg
+<> o :3 (i) (i2__ Jﬁdc (i3)
= -/ __L_!T
©
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uniCSI: Simulation Results

= We can see that the line-to-line voltage are ‘responsible’ for moving the currents from phase to phase

g 3 O I—— g0 I |
3 Bos: N G202 NN HEEN 20200
0 Gs: I Gs: N .
1
| | T T 1 T
1.0 - - X 1.0 - - =
b | — L — —— .
= 0.5 = 05
= -~ S~ S~ a \
] > B >
(iD) 0 0
— 50 — 50 !
= Tic = 7 e/ N 7 ~
Sinusoidal currents R L_\Tj/__@lj__\_iy___(iz_)__\i G 2 ol/ a\/ tis\/ ia) Trapezoidal currents
£ /\\//\\//< % /\ /N
(iii)
2100 < 500 F— ‘ ‘ '
\>—/ E/ ’ULSL us, Ug,
)
£ Eﬂo 250
5 G
- =
= 0
o
2 250
= us s US
o T
- -500 ¢ ‘t I I 1
—_ E T T ]
E/ 500 w31 w2 u23
(] —
00— T T~ = g
2 L =T T L
S 3
: e >
B universitat -100 = 500 l l 1
M innsbruck wy 0 /6 T3 T2 2Mo/3 STo/6 To 0 To/6  To/3 To/2 2T0/3 5To/6  To

t(s) t(s)
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Content

» Equivalent DC Machine (E-DCM) Concept
- Permanent Magnet Synchronous Machines (PMSMs)
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DC Industry: Equivalent to

Simplify the control of the CSI drive = by fixing the modulation index of the CSIto M = 1
= ‘CSI Modulator’ block alternates the phase currents according to the angle information provided by the encoder

TH |1 ? TH |1 ;
— —
ige | Lt CSI ige fta Lo
— i ——  Hil
Uin:: 1»|_| zn_"_l UinZ:
Ugy Uy + T, 2
J Ea @l +4 11
T E‘}} To T TL }513
= .
T, T3Ts T
A4 4 4 00 oo
Mo @
Q
Fixed modulation index of the CSI > of the is equivalent to the
The on the shaft - directly to the

This arrangement allows us to manage the torque&speed control with the input DC-DC converter, like for a DC machine
The user does not have to ‘deal with’ the CSI = enabling faster spread of CSls in drive systems
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E-DCM Speed Control Drive System

=  With E-DCM concept = torque on the PMSM shaft managed by the DC link current
= Cascaded control system structure = Outer speed controller loop (0.8kHz), and inner current controller loop (4kHz)

iac | Lt CsI Mechanical Load:
Speed Controller Current Controller ‘f’_ + T, Tg:':] T5:|J|—| (1,6r) T = ki)

TS I T,Q g, = 0.0507 Nins

Q*

o _L At nqmilnal s;;}eecll 3|krpm,
nominal mechanical power

~h —|I|_ 5 kW is developed.

| BT T
~+ bel &)
E PR .- @
fsw M=1 o =%

T
= The DC link current reference directly calculated from the speed controller torque reference: i, = =

For tuning the current controller, the sum of the DC link inductance L and the DC-side equivalent inductance Lgc are considered: L¢ + L.
= The user has manage only the ‘DC-side’ like for a DC machine

3
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Simulation Results: E-DCM Speed Control

Step speed reference of 3krpm => speed controller applies the maxin;Tum possible torque during the acceleration (max. i4. current of 30A)
=  CSI modulation index and current angle are constant M = 1 and 6, = >

30 Parameter Symbol Value
Nmech = Q ? g _____ nfnech Buck
\_Q: 2 ¢ ——— Npech Input voltage Uin 800V
= / Switching frequency fsw.b 80 kHz
% 1 CSI
»n DC link inductance L¢ 450 uH
0 Output capacitance Ct 0.1uF
0 5 10 15 20 Switching frequency fow 140 kHz
a Time (ms) Max. DC link current Tic.max 30A
(@)
L a* . T . . . PMSM
40 *de z‘dc 102,13 " ‘2 '3 Phase resistance R 0.2Q
Ee o Seco === Phase inductance L 1mH
= 20 /\ m 7\ Number of pole pairs D 5
= %\ A N N Y B VN VN Flux linkage W 0.2Wh
g0 \ WMM Moment of inertia J 0.001 kgm?
E | y ) Nominal mech. power Prech 5kW
520 _~ N Nominal mech. speed Tmech 3000 rpm
Controller gains
_400 5 10 15 20 C; closed-loop bandwidth fee 4kHz
(b) Time (ms) C; proportional gain K. 49V /A
C; integral gain K. 10000V /(As)
0.3 Cq cross-over frequency fes 0.8 kHz
Cq, proportional gain Kps 3.3sNm
= Cq, integral gain Kis 3400 Nm
é 0.2 Q gral g
= —a . . .
201 — - From PMSM flux linkage we can verify that the DC link current
has the effect of the torque generating quadrature current, as
0y . = = 50 it impacts only the .
© Time (ms)
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DC Industry: E-DCM for PMSM-Integrated CSI

= Integration of CSI together with encoder into the PIVISM case = CSl can be run in open-loop to achieve E-DCM
=  For the user the PMSM with integrated CSI appears like a DC machine if E-DCM is used

TI;IJ Equivalent DC Machine (E-DCM)

Position )
Encoder CSI

User Domain:
DC Machine

= An opportunity for ‘plug-and-play’ CSI drive system = enabling wide adoption of CSI drive systems into various applications!
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Content

» Equivalent DC Machine (E-DCM) Concept

- Variable Reluctance Machines (VRM)
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DC Industry: E-DCM for Reluctance Motors

= uniCSI can make reluctance machine behave like a DC machine = E-DCM approach

_______________________________________________

+Q
@ e |
! n uniCSI PWM !
~ DCLink — i nogel Gy + 552535189 i
Current Controller Tal : Li i1 S !
T, e el S o ] |
ige [T i3 s ]
_ S N R I g I
L e 5] ' R
wal o N L L1111 :
_Tl:I:J'— ! 5-phase f !
! 10/8 VRM !
1
| SaiesEedted DO Machine T

= User is released of any interaction with the reluctance motor and
uniCSI modulation:

Ty E} Series-Excited DC Machine
H — T

idc VRM
-

Position
Encoder

a
uniCSI
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o
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]
1
1
]
]

Speed (krpm)
o

Time (ms)

—_
"
e

[+
o
T

201

10r

Torque (Nm)

10
®) Time (ms)

= 80y — tde ig —— 4
60} i1 ——13 —— 1§

Buck Duty Cycle
oo oo
o N 3 o~

5 10
@) Time (ms)

& 0.8) —dtot dp —da
20.6f —d1 ——ds ——ds
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Content

» Conclusions
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33/33
Conclusions

» New CSI modulation method
- simple PWM
- works for any number of phases
> New CSI topology for reluctance machines — uniCSl

» Equivalent DC machines for DC industry — no AC machines in the future?

Ty ’J} E-DCM T Series-Excited DC Machine
() PLECS a — sy —
J VRM
\

@Q | ¢ \ PM\SM

G0 DEMO MODEL +]

)T, Q

(=
T
\ T = /"'I' /<1<' E q}
Position

. -
Position :
ncoder CSI Encoder WniCSI

Ty E] ?
Multi-Phase Current Source Inverter
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Thank you!

(3) TVB. Innsbruck/Christoph-tackner
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