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Current source inverters (CSIs) offer advantages over voltage source inverters (VSIs) in drive systems, particularly for
motor windings. CSIs feature integrated output capacitors that provide smooth voltages, mitigating issues such as in-
terturn overvoltages, insulation degradation, bearing currents, and electromagnetic interference. Recent advancements
in monolithic bidirectional switches have further enhanced their appeal. However, the complexity of CSI modulation
and control limits their adoption compared to VSIs, as engineers are more familiar with PWM techniques for VSIs.
To address this, we propose the Equivalent DC Machine (E-DCM) concept, wherein the CSI operates in an open loop
with a fixed modulation index, allowing direct torque control of the PMSM through the DC link current. This enables
the CSI-supplied PMSM to emulate the behavior of a traditional DC machine, simplifying control while avoiding
commutation and maintenance issues. The E-DCM concept is validated through transient time-domain simulations,
demonstrating its DC machine-like speed-torque characteristics and effective speed control during acceleration from

zero to nominal speed.

Keywords: Current Source Inverter, DC Machine, Drive Systems, PMSM, Speed-Torque Characteristics, Torque Control

1. Introduction

In three-phase variable speed drive systems, voltage source
inverters (VSIs) are commonly used to supply motors® .
Typically, VSIs directly connect to the motor windings, mean-
ing the motor winding is wired to the switching node of the
VSIbridge leg. Due to this direct connection, the motor wind-
ings are exposed to square-wave voltages, which can lead to
several issues, including interturn overvoltages that can reach
up to twice the DC link voltage, harmonic losses caused by
high-frequency components in the stator current®, bearing
currents©, electromagnetic interference (EMDP, and insu-
lation aging due to high dv/dr®. These challenges have
become even more pronounced with the transition from IG-
BTs to wide bandgap (WBG) devices, due to the significantly
higher switching speeds. To address these issues in VSIs,
solutions like dv/dr filters®, or full sine wave filters have
been proposed 'Y 1D However, these solutions increase the
size and complexity of VSIs, thereby diminishing some of the
advantages of WBGs in drive system applications.

In contrast to VSIs, current source inverters (CSIs) inher-
ently provide smooth voltages at the motor terminals due to
the output capacitors, which are integral to the CSI design.
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These smooth voltages eliminate typical issues in VSIs asso-
ciated with high-frequency switching and pulsed voltage. For
example, due to smooth voltages at the motor windings, there
are no interturn overvoltages. Therefore, CSIs allow for thin-
ner interturn insulation, which improves the slot fill factor
and, consequently, the machine’s power density!'?. More-
over, the boost capability of CSIs makes them well-suited
for wide voltage ranges, supporting wide speed operation
of motors, and positioning them as an excellent choice for
high-speed machines!?. Additionally, CSIs are strong can-
didates for motor-inverter integration, as they feature a DC-
link inductor instead of a DC-link capacitor that is typically
electrolytic or film type in VSIs, making them more robust
and capable of withstanding higher temperatures!?. In this
high-temperature aspect, it should be noted that CSI output
capacitors have a lower capacitance value compared to the
DC link capacitors in VSIs and can be implemented using ce-
ramic capacitors, which are well-suited for high-temperature
applications.

One disadvantage of CSIs compared to VSIs is that they
require switches capable of blocking voltage and current in
both directions. Traditionally, this can be achieved by con-
necting a MOSFET and a diode in anti-series for two-quadrant
operation or by connecting two MOSFETs in anti-series for
four-quadrant operation. As aresult, a three-phase CSI with a
four-quadrant operation requires a total of 12 MOSFETs. This
complexity has historically made three-phase CSIs less com-
monly used in industry compared to three-phase VSIs, which
only require 6 MOSFETs. However, recent advancements
in semiconductor technology have introduced the monolithic
bidirectional switch (MBDS), based on GaN technology!”,
which can block voltage and current in both directions. This
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Comparison of the Proposed Equivalent DC Machine (E-DCM) Concept to the real DC Machine: (a)

CSI-supplied PMSM with a constant modulation index (M), demonstrating equivalence to a DC machine from
the DC side perspective of the CSI. (b) Representation of a real DC machine, including armature resistance,

inductance, and back EMF.

allows a three-phase CSI to be realized with just 6 MBDSs.
These advancements have renewed interest in CSIs for indus-
trial applications, which is quite beneficial as CSIs can effec-
tively address many high-frequency issues present in VSIs.

Another disadvantage of CSIs compared to VSIs is that
CSlIs require an input converter to regulate the DC link cur-
rent, such as a CSI rectifier supplied by the power grid®),
or an input buck converter when supplied by a DC voltage
source!'¥. However, in certain applications, a VSI system
also requires an additional input converter. For instance, in
fuel cell applications, due to large voltage variations, a VSI
needs an input boost converter to adjust the DC link volt-
age'¥. In this case, the input converter is not a disadvantage
for a CSI as the bridge leg used for the boost converter can
be repurposed as a buck leg to control the DC link current for
the CSI, as shown in Fig. 1(a), resulting in similar realization
effort for VSI and CSI. It is worth noting that some CSI drive
systems attempt to bypass the need for an input converter by
directly controlling the DC link current through the CSI itself.
However, this approach requires an additional leg to perform
short-circuit operations!”.

One challenge hindering the widespread adoption of such
CSI drive systems in the industry is their complex control
structure, which typically involves coupled control between
the input buck stage and the CSI. Moreover, engineers are far
more familiar with controlling and modulating VSIs, which
are widely used, compared to CSIs, which have been less
popular due to the lack of suitable switches (such as the now
available MBDS). Therefore, to simplify the control of the
CSI drive system and decouple the connection between the
buck converter and the CSI, this paper proposes an open-
loop control for the CSI, like depicted in Fig. 1(a). In this
approach, the CSI modulation index is fixed at a constant
value m = M, and the current angle is set to a constant value
0; = 6; = 5 for positive torque (or —7 for negative torque).
The key advantage of this system is that the user does not
need to manage the CSI control, as in this case, torque control
can be achieved directly by regulating the DC link current,
i.e., with m and 6; values fixed, the PMSM torque T becomes
directly proportional to the DC link current ig.. Ultimately,
this approach makes CSI-supplied PMSM behave like a DC

machine depicted in Fig. 1(b). To further simplify practi-
cal implementations, a dedicated IC (based on this approach)
can be designed to handle CSI open-loop control and mod-
ulation, making the use of CSI drive systems exceptionally
straightforward for the users.

The paper is structured as follows. To better understand the
proposed open-loop operation of the CSI, we derive the DC
side equivalent circuit of the CSI in Sec. 2. This is partic-
ularly important because, with the input buck converter, we
now directly control the PMSM torque. In Sec. 3, the open-
loop operation of CSI is shown to exhibit behavior equivalent
to that of a DC machine by deriving a DC-side speed torque
characteristic whose properties are identical to those of a sepa-
rately excited DC machine. Therefore, we refer to this control
concept as the Equivalent DC Machine (E-DCM) concept. In
Sec. 4, we discuss the DC-side torque constant for the E-DCM
control concept. Sec. 5 presents verification results that fully
validate the E-DCM concept, and Sec. 7 concludes the paper.

In Sec. 3, the open-loop operation of CSI is shown to ex-
hibit behavior equivalent to that of a DC machine by deriving
a DC-side speed torque characteristic whose properties are
identical to those of a separately excited DC machine.

2. DC-Side Equivalent Circuit of CSI

To derive the DC-side equivalent circuit of a CSI, we con-
sider the schematic shown in Fig. 2(a), where a DC link cur-
rent is impressed on the DC side, resulting in the voltage
up at the input of the CSI. It is important to note that uy is
pulsed voltage in reality, but our DC-side equivalent circuit
will model its average value uyp, which can be used for tasks
such as controller design.

On the output side of the CSI, we assume a PMSM con-
nected with typical parameters, including winding resistance
R, phase inductance L, and back EMF voltages ey, e, and e3.
With the advent of new MBDS technology, CSIs can now be
built to support high switching frequencies. This allows for
the use of low-capacitance output capacitors Cr¢, which has
the advantage of minimizing the capacitor current component
at the fundamental frequency. As a result, we can neglect
capacitors in our analysis as it covers only the fundamen-
tal frequency range, resulting in the justified approximation
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Figure2 (a) Circuit schematic that is used for derivation
of the DC-side equivalent circuit of a CSI with a symmet-
rical three-phase load (PMSM). Capacitors are shown in
gray as their impact is neglected. (b) Resulting DC side
equivalent circuit considering a switching frequency av-
eraged model, i.e., uy, being the local average of uy,.

iy 1y, iy i}, and i3 ~ 1.

The impressed DC link current i4., combined with the mod-
ulation index of the CSI m, determines the peak of the output
current as [ = mig.. Depending on the current angle 6;, the
instantaneous values can be obtained as

i1 = mige cos(Be + 0;)

. . 2n
ip = migc cos(fel + 6; — ?), ................... (1

. . 2

13 =mligc COS(Qel +0; + ?)
where 6. is the electrical flux angle, and 6; is the current
angle, i.e., a phase shift of the current with respect to the flux
linkage of the PMSM, see Fig. 1. As mentioned, we neglect
the Cr currents, which leads to the following voltage equations
for the AC side:

Ri +Ldi1 +

up = 1 —_— e

1 1 dr 1
. dip

u2=R12+LE+62’ ........................ (2)
. dis

M3=Rl3+LE+€3

where the PMSM back EMFs are the time derivatives of the
flux linkages, i.e., e] = %, e) = d%, and e3 = dd#. It should
be noted that the per-phase inductance L represents the total
inductance of each phase, including both the self-inductance
and the mutual inductance between phases. Additionally,
equation (2) does not account for interior PMSMs, which will

be addressed in future work. The flux linkages are equal to
Y1 = ¥ cos(fe)
“ 2r
Wy =W cos(fe — ?)’ ......................... 3)

" 2
W3 = P cos(fe + ?”)

where W is the flux linkage of the PMSM, a critical parameter
as it directly determines both the torque and voltage constants
of the machine. Performing the time derivatives of the flux

linkages in (3), we get the expressions for the back EMFs that
are equal to

e1 = w¥ cos(fe + g)

2

e %)

N by
er = wY cos(fg + 573

. T2
e3 = wY cos(Oq + 0 + ?)

where w = dj’f' is the electrical angular frequency, which can

be a function of time, i.e., w = w(¢). Often, we will use the
peak value of the back EMF in our analysis, denoted as E,
which is equal to

At this stage, all necessary parameters have been defined
to derive the averaged DC-side equivalent circuit of a three-
phase CSI. The derivation is based on the power balance
between the DC side and the three-phase AC side, which is
guaranteed by the following equation

ﬁbld(ﬁ :ulll +u212+u3l3, ...................... (6)

where the AC currents and voltages are given in (1) and (2),
and we assume lossless CSI, see Fig. 2(a). The DC-side
equivalent circuit of a CSI that we will derive in the following
is depicted in Fig. 2(b).

2.1 DC-Side Equivalent Resistance ~ Using the equa-
tion for power balance (6), and taking only the voltage drop
over the resistance R in (2), we get

Wpige = R (i3 +i5 + i%), ........................ (7
where by using the expressions for the AC currents (1), we

get the following

_. 3 .
Up lge = ER m2 lic' ............................ ®)

If divide both sides of (8) by i4., we get the following voltage
balance equation for the DC side

=Rqc

where it is easy to recognize that the DC-side equivalent resis-
tance Ry, of the AC-side resistance R is equal to Ry, = %mzR.

2.2 DC-Side Equivalent Inductance Using (6) and
taking only the voltage drop over the inductance L in (2), we
get the following power balance for the inductance

— . (di . dip . dip
MbldC_L(dt ll+d 12+dt 13]. (10)
Knowing that for any time function f(t), it holds % =
2 f(1) dfd(tt) , we can reshape (10) into the following form
1(di? did  dig
Ui =L — | L4 24+ 3] o 11
o tde 2(dt+dt+dt (b

In (11), we can take out the time derivative in front of the
brackets, resulting in the following power balance expression:
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— . 1d 2 02 D
ubldC:LEE(ll+l2+l3)’ ................. (12)
Using the expression for the AC currents (1), the power bal-
ance (12) can be transformed into

_ _3L1Mm%@

ol =55 Tar
After expanding the derivative of the product (m?i3,) in (13)
and dividing both sides with iy, finally, we get the voltage
balance from which we can deduce the DC-side equivalent
parameters of an AC-side inductance L

3 dm 3

e (13)

dige

U= = Lim— i+ om?L =% 14
Mo = Mg ety R Ty a4
———— S——
=Ry =Lqc

Therefore, the AC-side inductance L is seen on the DC side
as a series connection of the resistance Ry and the inductance
Lgc. Interestingly, in the DC-side equivalent circuit, a resis-
tance Ry appears. This resistance models the power required
to increase or decrease the energy in the AC-side inductance
L. Therefore, it exists only when the modulation index m is
changing (Rx ~ ‘fj—’;l) and it can take negative values when the
modulation index m decreases.

2.3 DC-Side Equivalent Back EMF By taking only
the back-EMF voltage component in (2) and applying it to (6),
we get the power balance for back-EMF voltages

ﬁbidc :glil +ezi2+e3i3’ .................... (15)

which we can further expand by using the expressions for the
back-EMF voltages (4) and (5), resulting in

3 N
b ige = >m SINO; E fge cvvvvrrrrerrennnnneens (16)

~————
=Eqc

where Eq. = %m sin6; E is the DC-side equivalent back
EMF. Here should be noted that the current angle 6; suits the
traditionally used dg current angle, where for the typical max-
imum torque per ampere, ¢ current component iq = Isin 0;
is applied, which is equivalent to applying 6; = 7 in the
analyzed CSI, see (1) and (3).

2.4 Summary of the DC-Side Equivalent Circuit
The derived DC-side equivalent circuit is depicted in
Fig. 2(b). The expressions for the calculations of the ele-
ments are outlined in Fig. 3(a). The complete DC-side cir-
cuit including the DC link inductor Ly is depicted in Fig. 3(b).
From this circuit, we can write the DC side voltage balance
equation

_ . dig
Uy = (Rac + Ry)ige + (Lg + LdC)d_tC +Egc. - (17)

This equation can be applied in various contexts, such as
deriving DC-side transfer functions for control purposes or
determining the DC-side speed-torque characteristics of the
PMSM, as demonstrated in the following section.

3. DC-Side Speed-Torque Characteristic

The primary goal of this paper is to simplify the control of

Averaged DC Side Circuit

Rac = %TYLQR

—

AC Side Circuit

Resistance

Ry=3Lm¥™ Lq.=3m?L
X=72 dt de Inductance
—

2
1 L
Egqc= %TTLE sinf;

O

R
L
E
Back EMF

(@)

(b)

Figure 3  (a) Summary of the expressions for the circuit
components of the DC-side equivalent circuit of a CSI-
supplied PMSM. (b) Complete DC-side circuit equivalent
including the DC link inductor Ly.

(b)
(a) DC-side equivalent circuit of the CSI-

Figure 4
supplied PMSM considering a constant modulation in-
dex m = M, therefore, Rx = 0, see (14). (b) The DC-
side speed-torque characteristic can be derived from the
steady-state equivalent circuit, where inductances are not
considered.

the CSI-based drive system by decoupling the buck converter
control from the CSI control. This is achieved by running the
CSI in open loop, meaning its modulation index m = M and
current angle 8; = 6 are fixed at constant values. Therefore,
this results in %—T = 0 leading to Rx = 0. Consequently, the
circuit from Fig. 3(b) becomes like the one in Fig. 4(a).

In this section, we aim to explore the mechanical aspects of
the drive system by deriving the equivalent DC-side speed-
torque characteristics of the open-loop controlled CSI supply-
ing the PMSM.

Speed-torque characteristics are typically derived under
steady-state operating conditions. Therefore, all quantities
are assumed to be in a steady state. Since we have reduced
the analysis to the DC side, steady-state conditions on the DC
side imply that inductances can be neglected. Additionally,
to clearly indicate the steady-state assumption, all quantities
are represented using uppercase letters

ﬁa — Ua and idC — Idc, ................... (18)

and the same applies to the notation of the modulation index
and the current angle

m—M and 6; — Q.- i (19)

The steady-state circuit used for this derivation is shown in
Fig. 4(b), leading to the following voltage balance equation:

IEEJ Trans. XX, Vol.142, No.1, 2022
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R - T T (20)

To derive the speed-torque characteristics, our objective is to
relate the electrical quantities in (20) to the mechanical torque
T and speed Q of the PMSM. It should be noted that for elec-
trical angular frequency, we use w, and for the mechanical
speed, we use €, and they are related via number of pole pairs

p as

Therefore, using (4), (16), and (21), we can relate Eq4. to the
mechanical speed Q as

3 N
EdC = E M sin 91 plP T O T (22)

For PMSMs, a torque constant kT relates the torque on the
shaft 7" and the quadrature current iq = / sin 6 as

T=kplsing. ««ooeveveeomeiii s (23)
It is known that this torque constant is determined by the
PMSM’s flux linkage ¥ and it is equal to

kr = %p‘i’, ................................. (24)

which allows us to rewrite (22) into the following form
Eqc =M Sin@p kpQ. -+ oo (25)

Using (23), we can relate torque of the PMSM T to the DC
link current /4. as

T =kplge MSINGOy, <+ nvvvneeenneeeneeenn. (26)

since [ = M Iy4. Finally, using (9), (25), and (26), we can
write the voltage balance equation (20) as a function of solely
CSI and PMSM parameters as

U, = M?>=R

L Msing krQ. e 27
2" Msing, kg - SmOTET @7

To get the DC-side speed-torque characteristic of the CSI-
supplied PMSM, we need to rewrite (27) so that Q =
Q(U,,T), resulting in
1 3 R
Q= :
M sin 0y kt

For the derived speed-torque characteristic (28), the no-load
speed € is obtained by assuming 7 = 0, which leads to

A

U 29
0 M sinO7kt (29

Similarly, the starting torque Tj is obtained by solving (28)
for T when Q = 0, resulting in

_ 2 sin 91kT
"3 MR %

The derived speed-torque characteristic (28) is depicted in
Fig. 5. It should be noted that, compared to the traditional
DC machine speed-torque characteristic, the derived one can
expand the speed-torque range by reducing the CSI’s modula-
tion index M. Also, the current angle 6; that can be used for
field-weakening of the PMSM in high-speed operation makes

0

Q

Qo ~ 3

1
Msin@ _3___ R _
! 2 sin2 07 k2.

T

I
0 Th ~ sin 6
0 M

Figure 5 DC-side speed-torque characteristic of the
CSI-supplied PMSM. Reducing CSI's modulation index
M expands the possible speed-torque area.

the characteristic steeper, leading to the speed being more
sensitive to the load torques. For lower speeds, this angle
is kept to 07 = %, resulting in sin@; = 1. Moreover, when
comparing this to the traditional DC machine characteristics,
sin @7 has the same effect on the characteristics as the excita-
tion flux in a DC machine, while the CSI modulation index
M plays a similar role to the number of turns on the rotor in
a conventional DC machine.

4. Equivalent DC Machine (E-DCM) Concept

As demonstrated in the analysis and derivations in Sec. 2
and Sec. 3, the open-loop operated CSI, where the modulation
index m = M and the current angle 6; = 6; are fixed, behaves
from the DC side like a traditional DC machine, even though
in reality it is a CSI supplying a PMSM. We refer to this con-
cept as the Equivalent DC Machine (E-DCM) concept. The
E-DCM concept offers significant advantages by simplifying
the operation of the CSI drive system, allowing direct control
of the torque on the PMSM shaft through the DC link current.
Thus, the E-DCM concept provides users with the simplicity
and familiarity of a DC machine, while in reality, a PMSM
supplied by a CSI delivers higher torque and power density
compared to a traditional DC machine, without the issues of
commutation or maintenance, such as replacing brushes.

When using the E-DCM concept, the torque on the PMSM
shaft is determined by equation (26), which shows that the
torque is directly proportional to the DC link current. While
this equation is derived for steady-state conditions, it remains
valid for any dynamic situation, i.e., for any value of the DC
link current ig.. From equation (26), we can also derive the
torque constant for the E-DCM concept, given by

deC = kTM sin 01’ .......................... (31)

which represents the proportional relationship between the
PMSM torque and the DC link current, i.e., T = ktqc idc-
Since 0 < M < 1 and —1 < sinf; < 1, the DC-side equiv-
alent torque constant is maximized if M = 1 and 6; = %,
which leads to ktq. = k1. Therefore, in further analysis, we

will analyze E-DCM concept with

and 6 = f, ....................... (32)

2
as they maximize torque per DC link current ampere, ensur-
ing the most efficient operation. Other parameter selections
will be explored in future work.

When the E-DCM concept is applied to a CSI variable
speed drive system, as shown in Fig. 1(a), the drive system
operates equivalently to a DC machine (see Fig. 1(b)). In this
configuration, if the CSI drive with the E-DCM concept is
connected directly to a DC voltage source, it will accelerate

M=1

IEEJ Trans. XX, Vol.142, No.1, 2022
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Figure 6  Voltage Step Response of the E-DCM: (a) Circuit schematic used for the simulation. (b) Step response
of the mechanical speed for the voltage step of u; = 100 V. (c) Verified DC-side speed-torque characteristic from

(28).
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Figure 7 Proposed speed control in the CSI-supplied drive system with PMSM is achieved using open-loop CSI
control. This is implemented by fixing the modulation index at M = 1 and the current angle at 6; = /2, and with
the CSI relying solely on angle information from the encoder. This open-loop control of the CSI allows speed
and torque control on the PMSM shaft to be fully managed by the input buck converter. Consequently, from the
perspective of the input buck converter, the DC side of the CSI behaves exactly like a DC machine, which is why
we refer to this control approach as the Equivalent DC Machine (E-DCM). For the selected values of M and 6y,
both the torque and voltage constants on the DC side are equivalent to the PMSM’s torque constant k, as shown

in equations (25) and (26).

accordingly, like a DC machine with a separate excitation,
which is analyzed in the next section and illustrated in Fig. 6.
If we have a controlled input voltage source (e.g., a buck
converter), this input buck converter takes full control of the
PMSM’s torque through the DC link current, mirroring the
behavior of a conventional DC machine, which is also ana-
lyzed in the next section and illustrated in Fig. 7. Notably,
the CSI operates exclusively in an open-loop configuration,
requiring no user interaction. This open-loop control for the
CSI can be implemented on a microcontroller, or a dedicated
IC can be designed to manage both the open-loop control and
modulation, further simplifying the system’s operation.

5. Simulation Results

5.1 E-DCM Speed-Torque Characteristic In this
section, we verify the speed-torque characteristic (28) and
confirm the second-order response of the E-DCM speed (A4).
For this purpose, the schematic shown in Fig. 6(a) is used for
time-domain simulations. The CSI supplying the PMSM is

directly connected to a voltage source without any DC link
current control. This configuration is possible because, as
demonstrated, when the CSI modulation index is fixed, the
system operates under the E-DCM concept, where the CSI
from its DC side behaves like a DC machine.

The step response of the mechanical speed, depicted in
Fig. 6(b), shows that the time-domain simulation (solid blue
line) matches the theoretical step response of the speed:

Q(5) = Gua() Ua(s), «+-vvveeeeeieeanns (33)

denoted by the dashed red line, where the transfer function
Gy q(s) is derived in Appendix 1. The armature voltage is
a step voltage response from U, = 0 to 100V, resulting in
U,(s) = @. The mechanical speed Q is shown in rpm in
Fig. 6(b) and is denoted as nyech, calculated from Q as:

30
Nmech = Q e (34)

The speed-torque characteristic (28) for U, = 100V,

IEEJ Trans. XX, Vol.142, No.1, 2022
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Figure 8 Simulation waveforms for the CSI drive system
from Fig. 7, verifying E-DCM concept: (a) mechanical
speed, (b) PMSM torque, (¢) DC-link and AC currents,
and (d) DC-side torque constant obtained by dividing the
PMSM torque with the DC link current.

M =1,sin6; = 1, R = 0.2Q, and kt = 3p¥ = INm/A
(see Tab. 1) is shown as a solid blue line in Fig. 6(c). The
characteristic is converted to rpm using (34). Each star on the
plot represents a steady-state speed value npech,ss achieved in
the time-domain simulations, as illustrated in Fig. 6(b). This
result validates the derived speed-torque characteristic (28)
and confirms that the E-DCM behaves like a separately ex-
cited DC machine. Specifically, the CSI supplying the PMSM
with a constant modulation index and current angle exhibits
DC machine-like behavior from its DC side. In the following,
we will leverage the E-DCM concept for speed control appli-
cations, where both speed and torque control of the PMSM
are fully managed from the DC side of the CSI.

5.2 E-DCM Speed Control To demonstrate the op-
eration of the E-DCM concept in the CSI drive system, we
implemented the configuration shown in Fig. 7 in PLECS
time-domain simulator'®, using the parameters outlined in
Tab. 1. Note that now speed control is performed directly
with the input buck converter, where the PI speed controller
Cgq produces torque reference 7™ that is, based on (26), used

to obtain the DC link current reference i;c = {—T The PI cur-

— :l]:llT,Q

CSI

Position
Encoder

Figure 9 Conceptual 2D prototype of a PMSM-inte-
grated CSI. When the E-DCM concept is implemented,
the system operates like a traditional DC machine, with
the user simply connecting the positive and negative ter-
minals. The CSIruns in an open loop, utilizing rotor shaft
information from the integrated encoder.

rent controller C; provides the voltage reference that should
be applied over the total DC resistance Ry, and inductance
L¢ + Ly, see Fig. 4(a). Analog to the DC machine armature
current control, we help the current controller C; by adding a
feedforward value of the equivalent induced back EMF that
can be obtained from mechanical speed 2 measurement as
Eq4. = k1Q, see (25). Finally, the reference for the DC-link
(‘armature’) voltage u; is obtained and is used to calculate the
duty cycle of the input buck converter and ultimately the gate
signals of Ty and Ty.

The time-domain simulation results are given in Fig. 8. The
simulation waveforms show the acceleration of the PMSM
from zero to nominal speed while being loaded with the
torque linearly proportional to the speed T = k#i-€2, where the
friction coeflicient is kgic = 0.0507 Nms, at which nominal
mechanical power of 5kW is developed for nominal mechan-
ical speed of 3 krpm. During this speed transient, the PMSM
torque reaches its maximum value of kt - Ijcmax = 45 Nm
before gradually reducing to its continuous nominal value, as
illustrated in Fig. 8(b). It should be noted that the simulation
starts from a standstill at which the DC link current and out-
put capacitor voltages are zero. Therefore, the transient with
currents in Fig. 8(c) shows a realistic response of the system,
i.e., no initial values are set to help the simulation. It can
be noticed that the DC link current quickly rises to its maxi-
mum value of /jc max = 30 A and makes PMSM produce the
maximum torque that accelerates the drive system. Once the
nominal speed is achieved, the DC link current drops down to
the value of 10.8 A that produces the nominal torque on the
machine at a nominal speed. Furthermore, the peak of AC
currents of the PMSM 1 is equal to the DC link current i4,
which is a property of the E-DCM concept due to the fixed
modulation index M = 1 and sin6; = 1. Finally, Fig. 8(d)
illustrates the DC-side torque constant k4., determined by
dividing the PMSM torque T by the switching-frequency-
averaged DC link current ipc. Using (24) and (31) along
with the numerical values from Tab. 1, the DC-side torque
constant is calculated as:

3 4
deCZEP‘PM sinQI:]_SNm/A’ ........... (35)

which matches the value obtained in Fig. 8(d), thereby fully
validating the E-DCM concept.

Tuning PI controllers for speed-controlled drive systems is
well-established in the literature, see'?. We start the con-
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Table 1 Simulation Parameters.

Parameter Symbol Value
Buck

Input voltage Uiy 800V
Switching frequency Jewp 80kHz
CSI

DC link inductance Ly 450 pH
Output capacitance Cy 0.1 pF
Switching frequency fow 140kHz
Max. DC link current Tgc, max 30A
PMSM

Phase resistance R 0.2Q
Phase inductance L 1 mH
Number of pole pairs P 5
Flux linkage ¥ 0.2Wb
Moment of inertia J 0.001 kgm2
Nominal mech. power Prech 5kW
Nominal mech. speed Amech 3000 rpm
Controller gains

C; closed-loop bandwidth Jec 4kHz
C; proportional gain Kpe 49V /A
C; integral gain Ki. 10000 V/(As)
Cgq cross-over frequency fes 0.8kHz
Cg, proportional gain Kps 3.3sNm
Cq integral gain Kis 3400 Nm

troller design from the inner current controller by setting first
a desired C; closed-loop bandwidth of f.. = 4kHz. By ap-
plying the pole-zero cancellation (PZC) method this results
in analytic expressions for the PI gains: Kpc = wee (Lf + Lgc)
and Kjc = wcc Rye, where wee = 27 fo.. Tuning the current
controller in this way results in a closed-loop transfer function
Sf:’:fcc that is a first-order. The outer speed controller is tuned
using the so-called symmetrical optimum, where the speed-
cross-over frequency fis = 0.8 kHz is typically chosen to be
five times lower than the current closed-loop bandwidth, i.e,
Jes = % The zero of the PI speed controller Cq needs to be
five times lower than the speed cross-over frequency fpis = %
to ensure the open-loop transfer function pass through 0dB
with —20dB/decade. This finally results in the analytic ex-
pressions for the speed-controller gains: Kps = Jk—“T"‘ and
Kis = wpis Kps, where wes = 27 fos and wpis = 27 fpis. Finally,
the gain values of both controllers are summarized in Tab. 1.
A conceptual 2D prototype of the CSI-supplied PMSM
that uses the proposed E-DCM control concept is illustrated
in Fig. 9. This integrated drive consists of a DC link inductor
L¢, a CSI, and a position encoder integrated into the casing of
a PMSM, with the CSI operated as shown in Fig. 7. To run
this motor-integrated drive system, the user simply connects
the positive and negative terminals, as it functions like a DC
machine, but in reality, CSI-supplied PMSM is operated.

6. Low-Power Hardware Verification

In this section, we present the hardware verification of the
E-DCM concept. As discussed in the previous section, the
ultimate goal is to integrate the CSI into the PMSM. However,
at this stage, we use a simplified, scaled-down hardware setup
to validate the E-DCM concept and verify the key waveforms,
which is an essential step prior to full integration. Therefore,
the parameters listed in Tab. 1 do not apply to the hardware
verification, and the relevant parameters for the experimental
setup will be clarified in this section. This low-power config-
uration allows for practical testing of the control strategy and

Figure 10 The hardware demonstrator used to validate
the E-DCM concept, with further details about PMSM

available in20),

system behavior.

The experimental setup is shown in Fig. 10 and consists of
the main E-DCM drive components: a PMSM with encoder,
a CSI, a controller, and a controller board. The PMSM is me-
chanically coupled to a DC generator, which is connected to
an external resistor for power dissipation. The E-DCM setup
is powered by a laboratory DC voltage supply, which regu-
lates the DC link current to a desired value, which directly
generates the torque on the PMSM shaft.

The CSI in Fig. 10 features a DC link inductance of
1 mH and utilizes 650V SiC MOSFETs in a TO-247-3 pack-
age, along with 650V SiC diodes. The controller PCB is
built around the CY8CKIT-059 PSoC SLP, integrated into a
custom-designed board that includes connectors for both the
PMSM encoder and the CSI gate signals. Based on the rotor
position detected by the encoder, the CSI modulation method
described in®?Y is implemented on the PSoC, with a fixed
modulation index of M = 1 and a current angle of 6; = 7/2.
The PSoC generates the appropriate gate signals to drive the
CSI. The system is powered by a laboratory DC power supply,
which provides the input voltage u, and is used to regulate
the DC link current iq4., thereby controlling the torque applied
to the PMSM shaft. The PMSM®@? has maximum ratings
of 28 Vpeak phase-to-phase, 7 Aypg, and 6000 rpm, while the
load motor is rated at 36 V4, 4 Aqgc, and 3600 rpm. An exter-
nal variable power resistor is connected to the DC motor to
serve as a load. By adjusting the resistance value, the desired
load level can be set, allowing the DC machine to operate in
generator mode.

The measurements verifying the E-DCM concept are pre-
sented in Fig. 11. In Fig. 11(a), a start-up transient from
standstill to 1600 rpm is shown. This transient is achieved
using a laboratory power supply operating in current control
mode to supply the DC side, i.e., to provide the voltage u,.
The power supply voltage is set to U, = 10.8 V—the steady-
state value required to reach a rotational speed of 1600 rpm
with a DC link current of 3 A. The current limit is set to 6 A.

Before the power supply is enabled, the CSI modulation
is already active with a fixed modulation index of M = 1.
Upon powering the system, the DC link current initially hits
the current limit of 6 A, as there is no initial rotor speed
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Figure 11

Measurement results validating the E-DCM concept: (a) Start-up transient showing the E-DCM drive

system accelerating from standstill to 1600 rpm, and (b) steady-state operation at 1600 rpm.
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and therefore no equivalent DC-side back EMF to oppose the
applied voltage. As the drive accelerates, the back EMF in-
creases, causing the DC current to decrease until it stabilizes
at its steady-state value required to drive the load.

The resulting input power is approximately 10.8V -3 A =
32.5W, which is well below the target power level of 5 kW
(see Tab. 1), but it effectively demonstrates the E-DCM con-
cept. The corresponding steady-state operation at this re-
duced power level is shown in Fig. 11(b). The position signal
is obtained from the encoder, while the speed is derived by
differentiating the position, which introduces visible noise on
the speed waveform. Both signals are converted to analog
voltages using DACs and measured using an oscilloscope.
The PMSM used in the setup has 4 pole pairs, which can
be verified by observing the current waveform, showing four
electrical periods within one mechanical revolution.

7. Conclusions

This paper focuses on a CSI drive system with an input
buck stage that controls the DC link current and a second
CSI stage that supplies the PMSM. Conventionally, achieving
speed control in such systems requires the user to set a DC
current reference and manage the PMSM speed and torque
control through field control using the CSI. In this paper, we
propose a method to simplify such drive systems by operating
the CSI in an open loop with a fixed modulation index. This
approach allows the user to control the speed and torque of
the PMSM directly through the input converter, where, un-
der the open-loop operation of the CSI, the PMSM torque is
directly proportional to the DC link current. This makes the
CSI behave like a DC machine from the user’s perspective,
simplifying operation and control and enabling broader and
easier adoption of CSI drive systems in the industry. We
refer to this control concept as the Equivalent DC Machine
(E-DCM) since the CSI supplying the PMSM behaves like a
traditional DC machine on the DC side. Thus, the E-DCM
concept combines the simplicity of a DC machine with the
advantages of a PMSM, such as higher torque/power density
and lower maintenance.

To validate this concept, we provided analytical deriva-
tions of the CSI’s DC side equivalent circuit and developed
the equivalent steady-state speed-torque characteristics. We
then verified these characteristics and implemented a speed
control for a SkW CSI-supplied PMSM, where the E-DCM
concept was tested by accelerating the PMSM from zero to
its nominal speed of 3000 rpm. The results demonstrated a
speed transient response, with the PMSM’s AC current peaks
precisely tracking the DC link current, as expected for the
E-DCM concept.

Our future work will focus on extending the operating range
of the E-DCM concept to cover a wider range of speeds, which
requires m and 6; to be functions of mechanical speed Q.
Furthermore, the E-DCM concept for interior PMSMs will
be considered.

10

References

(1)

(2)

(5)

(6)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

S. Miri¢, P. Pejovi¢, T. Ohno, and M. Haider, “Current source inverter drive

system with equivalent DC-machine control characteristics,” in Proc. of 27th
International Conference on Electrical Machines and Systems (ICEMS2024-

Fukuoka). Fukuoka, Japan: IEEJ, 2024.

K. Imai, S. Doki, K. Kondo, and Y. Aoki, “Extended emf observer of dual
three-phase permanent magnet synchronous motor operable in overmodula-
tiondrive,” IEEJ Journal of Industry Applications, vol. 12, no. 5, pp. 901-913,
2023.

H.-W. Lee, J.-H. Hwang, and K.-B. Lee, “Simplified deadbeat predictive
torque control based on discrete space vector modulation for driving an open-
end winding permanent magnet synchronous motor,” IEEJ Journal of Industry
Applications, vol. 13, no. 3, pp. 308-316, 2024.

V. Madonna, G. Migliazza, P. Giangrande, E. Lorenzani, G. Buticchi, and
M. Galea, “The rebirth of the current source inverter: Advantages for
aerospace motor design,” IEEE Industrial Electronics Magazine, vol. 13,
no. 4, pp. 65-76, 2019.

Y. Miyama, M. Hazeyama, S. Hanioka, N. Watanabe, A. Daikoku, and M. In-
oue, “PWM carrier harmonic iron loss reduction technique of permanent-
magnet motors for electric vehicles,” IEEE Transactions on Industry Appli-
cations, vol. 52, no. 4, pp. 2865-2871, 2016.

J. M. Erdman, R. J. Kerkman, D. W. Schlegel, and G. L. Skibinski, “Effect
of PWM inverters on AC motor bearing currents and shaft voltages,” IEEE
transactions on Industry Applications, vol. 32, no. 2, pp. 250-259, 1996.

G. L. Skibinski, R. J. Kerkman, and D. Schlegel, “EMI emissions of modern
PWM AC drives,” IEEE Industry Applications Magazine, vol. 5, no. 6, pp.
47-80, 1999.

M. Kauthold, H. Aninger, M. Berth, J. Speck, and M. Eberhardt, “Electrical
stress and failure mechanism of the winding insulation in PWM-inverter-fed
low-voltage induction motors,” IEEE Transactions on industrial electronics,
vol. 47, no. 2, pp. 396-402, 2000.

M. Haider, M. Guacci, D. Bortis, J. W. Kolar, and Y. Ono, “Analysis and
evaluation of active/hybrid/passive dv/dt-filter concepts for next generation
SiC-based variable speed drive inverter systems,” in Proc. of IEEE Energy
Conversion Congress and Exposition (ECCE-2020).  Detroit, MI, USA:
1EEE, 2020, pp. 4923-4930.

K. Shirabe, M. M. Swamy, J.-K. Kang, M. Hisatsune, Y. Wu, D. Kebort, and
J. Honea, “Efficiency comparison between Si-IGBT-based drive and GaN-
based drive,” IEEE Transactions on Industry Applications, vol. 50, no. 1, pp.
566-572, 2013.

F. Maislinger, H. Ertl, G. Stojcic, C. Lagler, and F. Holzner, “Design of a 100
khz wide bandgap inverter for motor applications with active damped sine
wave filter,” The Journal of Engineering, vol. 2019, no. 17, pp. 3766-3771,
2019.

V. Madonna, P. Giangrande, W. Zhao, H. Zhang, C. Gerada, and M. Galea,
“On the design of partial discharge-free low voltage electrical machines,” in
Proc. of IEEE International Electric Machines & Drives Conference (IEMDC-
2019). San Diego, CA, USA: IEEE, 2019, pp. 1837-1842.

M. Antivachis, D. Bortis, D. Menzi, and J. W. Kolar, “Comparative evaluation
of Y-inverter against three-phase two-stage buck-boost DC-AC converter sys-
tems,” in Proc. of IEEE International Power Electronics Conference (IPEC-
2018, ECCE Asia). Niigata, Japan: IEEE, 2018, pp. 181-189.

R. A. Torres, H. Dai, W. Lee, B. Sarlioglu, and T. Jahns, “Current-source
inverter integrated motor drives using dual-gate four-quadrant wide-bandgap
power switches,” IEEE Transactions on Industry Applications, vol. 57, no. 5,
pp. 5183-5198, 2021.

J. Huber and J. W. Kolar, “Monolithic bidirectional power transistors,” IEEE
Power Electronics Magazine, vol. 10, no. 1, pp. 28-38, 2023.

N. Nain, J. Huber, and J. W. Kolar, “Comparative evaluation of three-phase
ac-ac voltage/current-source converter systems employing latest gan power
transistor technology,” in Proc. of International Power Electronics Conference
(IPEC-2022, ECCE Asia). Himeji, Japan: IEEE, 2022, pp. 1726-1733.

G. Migliazza, G. Buticchi, E. Carfagna, E. Lorenzani, V. Madonna, P. Gian-
grande, and M. Galea, “DC current control for a single-stage current source
inverter in motor drive application,” IEEE Transactions on Power Electronics,
vol. 36, no. 3, pp. 3367-3376, 2020.

Plexim GmbH, PLECS: The Piecewise Linear Electrical Circuit Simulation
Software, Plexim GmbH, Zurich, Switzerland, 2024, version 4.6, accessed
December 2024. [Online]. Available: https://www.plexim.com

S.-H. Kim, Electric motor control: DC, AC, and BLDC motors. Elsevier,

IEEJ Trans. XX, Vol.142, No.1, 2022



Current Source Inverter-Supplied PMSM Drive System for DC Machine-Like Operation (Spasoje Miri¢ et al.)

2017.

Teknic, Inc., “M-2310p-In-04k permanent magnet servo motor datasheet,”
https://www.teknic.com, 2024, available at: https://www.teknic.com/files/
product-info/N23_Industrial_Grade_Motors_v6.3.pdf.

P. Pejovi¢, T. Ohno, U. Borovi¢, and S. Miri¢, “Pulse width modulation for

(20)

(21)
current source inverters with arbitrary number of phases,” Scientific Reports,
vol. 15, no. 1, p. 8744, 2025.

Appendix

1. DC Machine Voltage-Speed Transfer Function

This appendix provides the derivation of the transfer func-
tion for a DC machine (DCM) from the input armature voltage
to the mechanical speed at the shaft. The derivation begins
with (17), expressed in the time domain, which is then trans-
formed into the Laplace domain. In this domain, the quantities
are represented as u, (1) — U,(s) and ig.(7) — Igc(s). Thus,
(17) can be rewritten as:

Ua(s) = (Ry + sLy) Ly (s) + k1(s),

where s represents the Laplace domain operator. The ar-
mature resistance is given by R, = Rgc + Rx = Rqc, since
Ry = 0 due to the constant modulation index of the E-DCM
(m = M = 1), as shown in (14). The armature inductance
in (Al) is defined as L, = L¢ + Lg.. The back EMF term
in (A1) is derived in (25). Considering the values of M and
0; for the E-DCM (see (32)), the back EMF is expressed as
Egc = k1Q(s).

The moment of inertia J of the PMSM relates the torque to
the shaft speed as:

T(s) = sJQ(s),

where the torque for the E-DCM is also expressed as T'(s) =
ktl4c(s). Combining these, the DC link current can be writ-

ten as:
sJQ(s
Iyc(s) = k—()
T

Substituting (A3) into (A1) yields the transfer function from
armature voltage to shaft speed:

............................ (A3)

kr
_Q(s) N
Gyual(s) = UiGs) = Py R RRRRREEEEES (Ad)

2 4 Ra _T
s+ LaS+JLa

which represents a second-order transfer function.
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