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Abstract 

The novel Stator Cage Drive marks a paradigm shift in electrical machine design by substituting layers of 

windings with stator bars that are short-circuited on one end of the machine. Those bars are individually fed 

from the opposite end of the machine, utilizing dedicated power electronic switches. Instead of being 

limited to one fixed MMF-distribution in the air gap, it is now possible to incorporate new degrees of 

freedom into the control strategy for such a machine, e.g. pole-switching during operation with an 

asynchronous rotor and the creation of selected harmonics. Compared to conventional designs of traction 

drives for HEVs or BEVs, this drive architecture achieves a better efficiency, both in peak operation and 

using common drive cycles, it is cheaper in manufacturing and it also provides better fail-safety. In order to 

obtain a high-quality MMF-distribution, a number of individually fed stator bars as high as 60 is preferable, 

which also implies a higher complexity of the control of this machine than for three-phase counterparts. If 

for example an induction type rotor is chosen, it is possible to vary the number of poles during operation, 

thus allowing the machine to always operate in the region of highest efficiency, which usually lies in the 

field weakening region for induction machines. An overview of the capabilities of the ISCAD-Drive is 

given, the applicability of well-known control methods is investigated and matters of functional safety in 

current measurement for a high number of phases are discussed. 
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1 Introduction 
 The introduction of electrical machines in 
traction applications has introduced a wholly 
different set of requirements that have to be met, 
if compared to industry drives. Among low cost, 
(fail)-safety and scalability, one of the most 
important requirements is overall drive-cycle 
efficiency. It is especially hard for machine-
designers to meet this very criterion with 
conventional electrical machines because they 

are by nature optimized for one specific operating 
point. This limitation doesn’t hold true for the 
ISCAD-drive presented in [1], which allows for 
various adaptations of machine parameters to 
given operating points. The machine and its 
properties will be presented in section 2 of this 
publication, followed by an overview over 
applicable control methods, which is given in 
section 3, before an investigation is made, whether 
current-sensorless control or current measurement 
using semiconductors as shunt resistors could be 
qualified according to ISO 26262 in Section 4.  
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The findings will be summarized in the 
conclusion to this work. 
 

2 The ISCAD-Machine 
Contrary to conventional machines, the stator 
winding consists of bars which are short-
circuited on one end of the machine. The bars are 
individually connected to half-bridges on the 
opposite axial end of the machine. Figure 1 
shows a principle setup of the intelligent stator 
cage drive.   
 

 

Figure 1: Principle setup of the ISCAD 

 

2.1 Properties of the drive system 
Whereas conventional drive systems with 
distributed or concentrated windings reach slot 
fill factors up to a little more than 60 % [13], 
almost 100 % are possible for the ISCAD-
machine. It could be manufactured using die-
casting of aluminum, since, due to the higher slot 
fill factor, more cross-sectional area is available 
to compensate for the lower conductivity of 
aluminum. Therefore, the winding is lighter and 
can be produced more easily than windings that 
have to be wound using copper wires. 
Presumably, insulation between the aluminum 
bars and the iron core can be avoided, as the feed 
voltages are very low and also, because an oxide-
layer can be formed at the interface between 
aluminum and iron before the die-casting process 
[2]. 

2.2 Opportunities for control 
The current in every slot can be controlled 
individually, thus opening up multiple possibilities 
for controlling the machine.  

2.2.1 High-quality MMF 

Due to the high number of slots, an MMF with 
very high harmonic quality can be achieved, 
comparable to a distributed winding setup and 
even better. 

2.2.2 Pole-pair switching 

If pole-switching for more than two numbers of 
pole-pairs is supposed to be implemented in 
conventional machines, two or more windings 
have to be inserted into the stator of the machine 
[4],[5], thus reducing the slot fill factor drastically. 
This is no longer necessary for the ISCAD, since 
the assignment of a slot bar to one pole of the 
Stator-MMF is merely a virtual one and can be 
modified by changing one parameter in the supply 
function of that bar. The current in one stator bar k 
can be expressed as: 
 

   
max max

0 0

p f

k i, j,k
i p j f

I At t
 

   

   i , j,k

s

2
2 jt icos tk 1

Q

      
 

 

 ( 1 ) 

In Equation ( 1 ), pmax is the highest number of 
pole-pairs present in the airgap-field, while fmax 
specifies the highest frequency. A is a time-
varying amplitude, which can also be used to 
model the partial deactivation of a slot, explained 
in the following paragraph. QS stands for the 
number of stator slots and φ denotes an individual 
phase shift for every current-component. It is 
therefore possible to change the number of pole-
pairs in induction machines during operation and 
even to supply the machine with two or more 
numbers of pole-pairs simultaneously. The number 
of pole-pairs can therefore be varied in a very 
smooth way, giving rise to the opportunity of using 
pole-fading as virtual gear set. A high number of 
pole-pairs could be selected during acceleration of 
an EV, while a low number of pole-pairs would 
help reduce iron loss at higher speeds. In summary, 
the number of pole-pairs being variable introduces 
a new degree of freedom to optimize the machine 
behavior over the whole drive cycle. This degree 
of freedom also enhances the machine concept 
called self-excited synchronous machine [6]. The 
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stator of this machine is designed to create a 
space-harmonic MMF-wave which is used to 
supply the field windings of an inductively 
excited rotor shown in Figure 2. Inside an 
ISCAD-stator, this MMF-wave can be varied 
regardless of the fundamental wave. Applying 
multi pole-pairs to the MMF and being able to 
change their amplitudes individually would allow 
controlling flux and torque much more 
independently than in the conventional concept. 
 

 

Figure 2: Self-Excited Synchronous Machine 

 
 

2.2.3 Partial deactivation of slots 

For operation points with reduced load, it may be 
beneficial to deactivate phases and connected 
half-bridges. This could be realized in a 
symmetrical or an asymmetrical pattern which 
may be fixed or rotating along the stator. As 
already mentioned, this behavior could be 
modelled inside the machine control by setting 
all amplitudes in ( 1 ) to zero for one slot. 

2.2.4 Synchronous-asynchronous hybrid 
machine 

There are already electrical machines which 
combine asynchronous and synchronous sources 
of torque – sequentially in time. Linestart motors 
use a squirrel cage, called damper cage, to 
generate torque at startup of the motor, until the 
rotor is pulled into synchronous operation. At 
that point, no current is induced into the squirrel 
cage and therefore, it does no longer contribute 
to torque production. Instead, an underlying 

synchronous source of Rotor-MMF interacts with 
the stator field to generate torque. This source may 
be a permanent magnet, rotor windings or flux 
barriers in the case of reluctance machines. The 
base for all these machines is that synchronous and 
asynchronous sources of torque do not interact. 
This principle can also be applied to the ISCAD, 
where different rotating fields can be 
superimposed to form the Stator-MMF. Similar to 
the above-mentioned pole-switching, it is also 
possible to have different current-components 
rotate with different angular frequencies. 
Therefore, a hybrid operation as synchronous 
machine and as induction machine is possible, 
giving room for even more degrees of freedom to 
optimize the electric drive both during design and 
during operation. If harmonic content is neglected, 
it is obvious that fields rotating with synchronous 
frequency do not interact with the induction part of 
the machine. Less obvious is the fact that 
asynchronous components of stator-MMF do not 
interact with e.g. the permanent magnets. 
According to [12], torque for generic rotating field 
machines amounts to: 
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Here, l, r and δ represent the magnetic length, the 
airgap-radius and airgap-thickness, respectively. 
Θ, p, Ω and ω denote the magneto-motive force, 
the number of pole-pairs, the rotor frequency and 
the angular frequency of the fields involved. 
Attribution of field quantities to stator and rotor is 
specified by indices 1 and 2, respectively. 
Ultimately, ε stands for a phase shift in the rotor 
field. Considering the integral in ( 2 ), it becomes 
obvious that no torque is produced at any point in 

time, if 1 2p p . Furthermore, no net (time-

averaged) torque is produced if 1 2     or 

if 0  . Consequently, if the number of pole-
pairs of asynchronous and synchronous fields are 
different, they do not interact to produce torque. 
Possible realizations of this type of hybrid machine 
rely on a low-pole-pair synchronous component at 
the center of the rotor and a rotor cage near the 
surface which would be addressed by a high 
number of pole-pairs, as shown in Figure 3. The 
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asynchronous field lines are closed in the rotor 
yoke, and therefore, the field is not perturbed by 
the flux barriers of the underlying reluctance 
machine. The same principle can be applied to 
combinations of induction rotors with pm-rotors 
or even synchronous, current-excited rotors.  
 

 

Figure 3: Hybrid rotor of type induction-reluctance 

 

3 Control methods applicable to 
the ISCAD 

The conventional, non-hybrid versions of ISCAD 
can be controlled using field-oriented control and 
direct torque control [7] but also predictive 
control [8]. Field-oriented control is possible 
analogously to three-phase machines, there are 
however more degrees of freedom in control [9]. 
These degrees of freedom are on the other hand 
difficult to handle in direct torque control 
strategies involving lookup-tables for space-
vectors and variable switching-frequency. In the 
worst case, sub-harmonics are excited which 
amplify and cause loss.  PWM-based direct 
torque control methods, such as deadbeat direct 
torque and flux control [10] do not suffer from 
this problem [11].  

For hybrid variants, linear superposition 
of the fields involved can only be performed in 
the linear operating regions, i.e. for low torque 
demand. Better analytical models need to be 
developed in order to allow hybrid control also 
for higher values of saturation and cross-
saturation. If two MMF-components with 
different frequency are created in the stator, they 
will create a pulsation of flux density. Even if 

both components create flux well beneath 
saturation, at the points of positive interference, 
saturation may be reached. 

4 Functional safety requirements 
to current accuracy 

As already mentioned, the machine has 60 phases 
which are supplied by individual half-bridges. For 
most methods of control, some information on the 
stator current is required. Since the use of one 
current sensor per stator bar is undesirable because 
of cost and package integration problems, in this 
section, functional safety requirements to current 
accuracy are first investigated in general, before a 
few words are spent on sensorless methods and on 
shunt-based current measurement. For increased 
safety, an Inverter Safety Unit following the idea 
presented in [25] is proposed. In order to perform a 
functional safety assessment according to ISO 
26262 [2], this study concentrates on the event 
‘Unintended vehicle acceleration during a low 
speed maneuver amongst pedestrians’ as defined in 
[14]. According to the authors, the event is 
classified as ASIL B which follows from the 
assessment shown in Table 1.  

 

Table 1: Classification according to [14] 

Criterion Class Description 

Exposure E3 Medium probability 

Severity S2 
Severe and life-

threatening injuries, 
survival probable 

Controllability C3 
Difficult to control 
or uncontrollable 

 

Following [14], a reasonable safety goal for the 
event under consideration would be that an 
unintended acceleration must not exceed 1.5 m/s² 
and that the event may not take longer than 1 
second. This goal’s main focus is to improve 
controllability of the event by the driver. If an 
electrically powered sedan such as Tesla’s Model 
S is investigated, a curb weight of 2108 kg [22] 
means an accelerating force F m a   of  
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m
F 2.108kg 1.5 3,162kN

s²
  

 
( 3 ) 

which, using a wheel radius of 0.3515m [22] as 
lever arm and a gear ratio of 9.73:1 translates to a 
maximum Torque error of 114 Nm at the 
machine shaft. For this investigation, the 
machine is chosen to be equipped with an 
induction rotor, as presented in [1]. Therefore, 
the following equations apply [15]: 
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Here, rbore, lstack and δ denote the bore radius, the 
stack length and the air gap thickness, 
respectively. p stands for the number of pole-
pairs, Qs is the number of stator bars, ωS is the 
angular frequency of the stator field, σS and σR 

are stator and rotor stray parameters respectively. 
iSd and iSq are the magnetizing current and the 
quadrature current. The torque equation ( 8 ) 
refers to the steady state in stator reference frame 
[15],[16]:  
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The machine parameters of [1] are summarized 
in Table 2. Inserting the corner speed in ( 6 ) 
yields a magnetizing current iSd of 21 A.  

Table 2: Machine parameters 

Parameter Value 
QS 60 
σS,R 0.05 
lStack 250 mm 
rBore 75 mm 
δ 0.5 mm 
p 4 
nCorner 5300 1/min 
URMS 8.4 V 

 
For a torque error greater than 114 Nm to occur at 
the machine shaft, necessary errors in current can 
now be calculated. To simplify the calculation, 
errors are assumed to be in amplitude only – a very 
obvious limitation since the method for obtaining 
the current distribution presented in section 4.2 
relies on shunt-based measurements which are not 
prone to timing or angular errors. In order to 
accommodate this assumption, ( 8 ) is rewritten to 
form: 
 

   set err Sd SqT T Ai i1 1       ( 9 ) 

 
with Terr being the error-torque, λ being the error in 
current and A being: 
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λ can obviously be calculated to: 
 

err
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 ( 11 ) 

 
It is therefore dependent on the actual torque 
demand. For a maximum permissible torque error 
of Terr=114 Nm as calculated above, Figure 4 
shows the relative current error λ as a function of 
the set torque. 
 

 

Figure 4: λ as a function of Tset 

 
In the following, two methods for current 
estimation are investigated regarding their 
capability of maintaining the limits shown in this 
section.  
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4.1 Current-sensorless control 
The use of one current sensor in the DC-link to 
measure all phase-currents sequentially, as 
proposed in [17] is generally possible. However, 
using this method, the time allocated on the 
insertion of measurement vectors is not available 
for torque production. This might become 
problematic for a machine with phase numbers in 
the order of 60. Another method using one 
current sensor in the DC-link is proposed in [18]. 
Here, the machine state is obtained from the DC 
power, under the assumption of a lossless 
inverter, the dynamics equation and a speed 
sensor at the machine shaft. A method that spares 
the current sensor in the DC-circuit is proposed 
in [19]. Here, currents are reconstructed using a 
state observer. For better accuracy, DC-voltage is 
measured, but this sensor can be omitted if the 
DC-voltage is sufficiently constant. An ISCAD-
stator with a synchronous reluctance rotor could 
be controlled only with an encoder using an 
approach presented in [20]. Summing up, there 
are numerous methods available for a current-
sensorless control of ISCAD-based machines. 
The accuracy of sensorless methods depends on 
the knowledge of the controlled system. Because 
of its simplicity, this knowledge is presumably 
better for an ISCAD-drive than for wound 
machines and therefore, current-sensorless 
control should yield good performance in this 
drive system. 

4.2 UDS-based current-sensing 
Using the voltage drop across the power 
semiconductors is a possible way of estimating 
current through the devices. However, this 
method requires temperature compensation for 
the change in semiconductor resistance with 
temperature. Even if this effect is considered, 
there remains an uncertainty from manufacturing 
variations. No source on manufacturing 
tolerances of MOSFET-devices and especially on 
tolerances in RDSon could be found, except for an 
application note [23] indicating that the variance 
band is symmetrical to the typical values in 
Figure 5 and a datasheet for a low-voltage, high-
current MOSFET [24] which provides resistance 
values for different junction temperatures. Figure 
5 displays the information on typical and 
maximum values and the minimal values are 
gained assuming symmetry as stated above for 
the MOSFET specified in datasheet [24].   
 
 

 

Figure 5: Variation in RDSon 

The drain-source-resistance could be used to 
measure current using the voltage-drop over this 
resistance. If however the real resistance value 
varies from the assumed value according to: 
 

 DSon DSon ,assumedR R 1    ( 12 ) 

then 

Real DSon
Meas

DSon,assumed

I R
I

R


  ( 13 ) 

 
Since it could be shown that a deviation of the 
measured current from the real current value of λ is 
acceptable, the following holds true: 
 

 RealI 1  
 Real DSon,assumed

DSon ,assumed

I R 1
R

    
( 14 ) 

 
and therefore: λ=ε. Figure 4 reveals the maximum 
value for λ and, consequently, also for ε. From 
Figure 5 can be deduced, that the maximum 
relative deviation between the typical, assumed 
value for RDSon and the erroneous values RDSon,max 
and RDSon,min is 0.154 p.u.. For a set torque of less 
than 340 Nm, the current accuracy of RDSon-based 
measurement is therefore sufficient to guarantee a 
classification according to ASIL B. Even more, 
since a parallel operation of MOSFETs is planned 
for the application [21][17], the difference in 
resistances is averaged between all 
semiconductors.  

4.3 Using a safety unit to enhance 
functional safety 

The authors of [25] propose a so-called inverter-
safety-unit or ISU to create a redundant system for 
the supervision of applied torque. The ISU is able 
to disconnect the inverter from the power-net if an 
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error is detected. In this case, the detection of 
errors is however based on electrical parameters, 
namely phase current and voltage. For a 60-phase 
system, this method would be very costly and the 
methods discussed in sections 4.1 and 4.2 are 
aimed at trying to avoid the necessity for 
(accurate) current sensors. Therefore, we suggest 
the use of an acceleration-based safety unit in 
order to monitor the drive. If an excessive 
acceleration is detected, the inverter unit could be 
switched off.  
 

5 Conclusion 
The Intelligent Stator Cage Drive is a very 
powerful new drive topology. Not only does it 
allow a very versatile operation of conventional 
electric machines, using pole-switching, but does 
also increase the solution region for the design of 
hybrid electrical machines. Tailoring this 
machine to its application allows for load-cycle-
based operation and will certainly give room for 
plenty of further research. This publication made 
an attempt at investigating which readily 
available methods for control are applicable to 
the design and investigated the aspect of 
functional safety in current measurement and 
torque control. It could be shown that current 
measurement in all phases is not necessary to 
reach a low risk ASIL classification. In future 
research, a method for the optimal selection of 
the number of pole-pairs will be presented. A 
prototype will be built to investigate this method 
and also the unconventional strategies such as 
hybrid operation, multi-pole-pair operation, 
deactivation of bars and pole-fading will be 
implemented on the prototype. 
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