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Abstract—Future application areas for bearingless pump 
systems will demand for highly compact and cost effec-
tive designs. This trend mainly has a major impact on the 
power electronics part of these systems. Up to now, full-
bridge converters have been used in order to independ-
ently control the phases of the active magnetic bearing 
and the drive system. With the use of an interleaved half-
bridge topology the number of required power semicon-
ductors is reduced by 25%. In this paper, novel modula-
tion techniques are presented and comparatively evalu-
ated in order to achieve a similar dynamic performance 
of the pump system as with the conventional full-bridge 
topology. The effects of a phase shift and of higher har-
monics in the duty cycles are analyzed in detail. The pro-
posed concepts are then implemented on a DSP board 
and their feasibility is shown on a highly compact 1.5 kW 
prototype of a converter which is realized with two inte-
grated three-phase power modules. Furthermore, it is 
shown that the higher harmonics injection does not have 
an impact on the average speed of the impeller and thus 
on the constant output flow of the pump. 
 

I. INTRODUCTION 
New application areas for bearingless pump systems such 

as electroplating, the food industry as well as in the area of 
the biotechnology [1] require the development of very com-
pact and cost efficient converter designs for the bearingless 
slice motor (BSM) system [2]. The various benefits of the 
bearingless pump for the handling of very pure and aggres-

sive fluids in the semiconductor industry and for medical 
applications are described in literature [3]. However, in order 
to attract new markets for the BSM-technology the whole 
system must become economically more attractive. Research 
so far has only been carried out on the motor itself and very 
little research effort has been focused on the investigation of 
novel topologies to control the drive and bearing system.  

In a first approach, a novel topology for the control of the 
two-phase BSM system has been presented in [4] which 
decreases the number of required semiconductors by 25%. By 
connecting two drive/bearing windings to common bridge 
legs and utilizing three-phase power modules (cf. Fig. 1(b)), 
which are available off-the-shelf, a higher efficiency and a 
more compact design of the power electronics part can be 
achieved. Based on this, different modulation schemes for the 
control of the pump with the interleaved half bridge topology 
are investigated and comparatively evaluated in this paper.  

 

The BSM utilized in this paper has a symmetrical winding 
configuration with two bearing phases LB1 and LB2 and two 
drive phases LD1 and LD2 as it is depicted in Fig. 2. The stabi-
lisation of the rotor is realised with contactless magnetic 
bearings that are placed around eight claws which are carry-
ing the flux of the bearing and drive system. The control of 
the current in each drive and bearing winding, and thus the 
flux, is up to now performed by one separate full-bridge con-
verter for each phase. This results in a total number of sixteen 
power transistor/diode combinations for the converter (cf. 
Fig. 1(a)). The orthogonal placement of the coils in the motor 
yields a π/2 phase shift of the currents in the drive windings 
under operation. 

 

Fig. 1: Possible power electronic interfaces (a) State-of-the-art full-bridge topology for BSM for each drive (LDi) and bearing (LBi) wind-
ing, (b) interleaved half-bridge topology with two common bridge legs for the two drive (LD1, LD2) and bearing (LB1, LB2) systems. 
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Fig. 2: Schematic of the basic principle of the bearingless cen-
trifugal pump. 

 

This paper presents and comparatively evaluates different 
modulation schemes for the interleaved half-bridge topology 
for the control of the BSM. First, the derivation of the inter-
leaved half-bridge topology from the state-of-the-art full- 
bridge topology is briefly presented in section II. Starting 
with a constant common bridge leg modulation a more ad-
vanced modulation scheme with sinusoidally shaped common 
bridge leg duty cycles and an optimum phase shift between 
all bridge leg duty cycles is then derived in section III. In 
addition, the superposition of higher harmonics to the sinu-
soidally modulated duty cycles and their impact on the drive 
currents is presented. Section IV deals with the aspect of 
speed unbalances due to the before mentioned higher har-
monics in the drive current and proves the theoretical consid-
erations by measurements on a pump system. The maximum 
achievable drive power is then discussed in section V for the 
proposed modulation schemes. Finally, in section VI, the 
modulation schemes are verified by measurements on a 
1.5kW prototype of the converter with a pump system. 

II. INTERLEAVED HALF-BRIDGE TOPOLOGY 
In Fig. 1(a) the state-of-the-art converter topology for the 

control of the drive and bearing currents of the two-phase 
BSM is depicted. As described in detail in [3] the number of 
power semiconductors can be reduced if the power transis-
tor/diode combinations T5 /D5 and T6 /D6 of the left bridge leg 
of the drive winding LD2 are removed. The two drive wind-
ings are now connected together with the junction of the 
bridge leg T1 /D1 and T2 /D2 (cf. Fig. 1(b)). This leg is used as 
the common bridge leg for the drive system. With this set-up 
the control of the drive system is realized by three interleaved 
half-bridges. 

The same is done, in a similar way, with the two bearing 
windings. There, the combinations T13 /D13 and T14 /D14 are 
removed and the bearing windings are connected to the sec-
ond common bridge leg consisting of the IGBTs and diodes 
T9 /D9 and T10 /D10. This circuit allows a realization of the 
converter with only six power half-bridges, resulting in a total 
of twelve switches, by offering a similar control flexibility as 
the full-bridge converter as will be described in this paper 
later on. With the use of this interleaved half-bridge topology 
the total amount of switches needed to control the BSM is 
reduced by 25% compared to the state-of-the-art full bridge 
topology.  

The idea of component minimization due to the connection 
of more than one motor winding to a common bridge leg has 

also been investigated in the area of the control of induction 
machines [5], [6]. There, a five-leg inverter is used to supply 
two three-phase induction machines. One leg of the five-leg 
inverter is simultaneously connected to both machines while 
the remaining inverter legs are connected to the two machines 
only. However, as it is the case for the before mentioned 
control of induction machines [7] new modulation schemes 
must be developed in order to achieve a similar performance 
and dynamical behaviour of the pump system as it is obtained 
with the standard full-bridge topology. Therefore, in the fol-
lowing section different modulation concepts are presented 
and evaluated comparatively.  

 
III. MODULATION METHODS  

In this section, different modulation methods for the inter-
leaved half-bridge topology (cf. Fig. 1(b)) for the control of a 
BSM are analyzed. First, a basic modulation with lowest 
control effort is presented. Then, alternative modulation 
methods are characterized in order to provide higher modula-
tion depth and therefore better motor performance. 

The average voltages ūD1(t) and ūD2(t) of the drive coils are 
defined as 
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where the modulation depth m is defined as  
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max0... ,
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u
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U
= =  (2) 

with mmax = 0.95. This corresponds to the maximum value 
allowed to ensure a save operation of the system. 
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Fig. 3: Simulation results for constant common bridge leg modula-
tion (CCM). Duty cycles δD0, δD1 and δD2, switched voltage uD1 and 
average voltage ūD1 across coil LD1, switched voltage uD2 and aver-
age voltage ūD2 across coil LD2 and currents iD0, iD1 and iD2 of the 
drive system. 



Moreover, Udc stands for the dc-link voltage and δD0, δD1 
and δD2 are the duty cycles applied to the upper switches in 
each bridge leg of the drive module [cf. Fig. 1(b)]. The duty 
cylces of the lower switches are then given by (1-δDi) with 
i=1,2,3. In the following, only the expression δDi is used to 
describe the duty cycles of the bridge legs. Furthermore, ūmax 
is the maximum value of the average voltage (local average 
value over one pulse period) at the junction point of a bridge 
leg. Analogously, the duty cycles δB0, δB1 and δB2 are applied 
to the upper switches of the bearing module in Fig. 1(b). The 
operation of the interleaved half bridge converter is done 
with unipolar modulation as it is described in [8].  

Due to the fact, that the major part of the power consump-
tion is taken by the drive system the requirements regarding 
the modulation range are higher for the drive part. Hence, in 
the following different modulation concepts are discussed 
for the drive system. However, the considerations are also 
valid for the modulation of the bearing currents. 
 
A. Constant Common Bridge Leg Modulation (CCM) 

In this basic modulation scheme the duty cycle δD0 of the 
common bridge leg is kept constant at δD0  = 0.5. This leads 
to an average potential of Udc /2 at the connection point of 
the two windings. In addition, the duty cycles δD1 and δD2 are 
sinusoidally modulated with  
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Fig. 4: Simulation results for sinusoidal common bridge leg modula-
tion (SCM). Duty cycles δD0, δD1 and δD2, switched voltage uD1 and 
average voltage ūD1 across coil LD1, switched voltage uD2 and aver-
age voltage ūD2 across coil LD2 and currents iD0, iD1 and iD2 of the 
drive system. 

This can be seen in Fig. 3. Furthermore, the resulting volt-
ages ūD1(t) and ūD2(t)  
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and currents iD0(t), iD1(t) and iD2(t) of the two drive wind-
ings are depicted in Fig. 3 as well. It can be seen that the 
maximum average voltage across a drive coil obtainable with 
the described modulation scheme is given by: 

 max max .
2
dc

D
U

u m= ⋅  (5) 

Compared to the conventional modulation of the full-
bridge topology (cf. Fig. 1(a)) this voltage is therefore re-
duced by a factor 2. Especially for the drive system, where 
high voltages across the coils are needed in order to deliver 
high pump power, this performance decrease can be unac-
ceptable. Therefore, in the following different modulation 
schemes are developed which provide higher modulation 
ratios as the one obtained with CCM. 

 
B. Sinusoidal Common Bridge Leg Modulation (SCM) 

An increased modulation ratio is achievable for the drive 
system if the duty cycle δD0 of the power switch T1 (cf. Fig. 
1(b)) in the common bridge leg is varied sinusoidally. For the 
calculation of the required duty cycle we assume that the gate 
signals of all switches are phase shifted by the angle ϕ0  

 0 0
1 sin( ),
2 2D

m tδ ω ϕ= + +  (6) 

and that δD1 and δD2 are symmetrically distributed with re-
spect to δD0 by the angle Δϕ :  
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A symmetrical distribution of δD1 and δD2 to ωt is chosen due 
to the fact that the same modulation depth for both drive 
windings is desired. 

In the following, the calculation of the optimal values of ϕ0 
and Δϕ for highest modulation depth is presented. Combining 
(1), (6) and (7) results in the following expression for ūD1(t) 

!
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Analogously ūD2(t) can be calculated to: 
!
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Solving (7) and (8) for ϕ0 and Δϕ  leads to 
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and therefore to the following expressions for δD0, δD1 and 
δD2: 
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and for ūD1(t) and ūD2(t): 
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With this, the new duty cycles δD1 and δD2 are phase shifted 
by π while the angle between the winding currents iD1(t) and 
iD2(t) remains π/2 (cf. Fig. 4). As can be seen in (12), the 
voltages across the drive coils achievable with the SCM sche-
me are increased by a factor of √2 (= +41%) as compared to 
the CCM method. 

In Fig. 5 it is shown how the duty cycles δD0, δD1 and δD2 of 
the SCM method can be calculated out of the duty cycles δD0, 
δD1 and δD2 of the CCM method by an analog implementa-
tion. 

 
C. Harmonic Injection 

Following the concept of the SCM (section III.B) addi-
tional higher harmonics can be superposed to the common 
bridge leg duty cycle in order to further increase the modula-
tion depth. In a first approach a third harmonic is superposed 
to a purely sinusoidally shaped duty cycle. This provides a 
higher utilization of the dc bus voltage. The amount of the 
third harmonic and the fundamental component is chosen so 
that the latter is maximized while ensuring that the peak-to-
peak amplitude does not exceed the maximum allowed 
modulation depth. The corresponding average duty cycle is 
depicted in Fig. 6(b). With this, the voltage-time product is 
increased compared to purely sinusoidal modulation. Adding 
additional higher harmonics to the sinusoidal fundamental 
subsequently leads to a full square wave as it can be seen in 
the waveform Fig. 6(d). 

Different from the before discussed modulation schemes 
the duty cycle can be limited to the maximum applicable 
modulation depth over a certain amount of time (e.g. 120°) 
while it is increasing/decreasing at the beginning/end of a 
half period (Fig. 6(c)). However, this does not lead to a sig-
nificant increase of the first harmonic amplitude of the volt-
ages applied to the drive coils compared to third harmonic 
modulation and thus will not be investigated in the follow-
ing.  
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Fig. 6: Duty cycle waveform for (a) purely sinusoidal, (b) third 
harmonic, (c) constant 120° and (d) full square wave modulation. 

 
C.1. Third Harmonic Modulation (THM) 

Applying the previously discussed concept of the superpo-
sition of a third harmonic to each of the duty cycles, while 
keeping the same phase shift as it is defined for SCM, leads 
to another modulation concept denominated as third har-
monic modulation (THM). The resulting duty cycles δD0, δD1 
and δD2 of the three half bridges are: 
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The duty cycle, voltage and current waveforms for the THM 
method are shown in Fig. 7(a). Compared to CCM the first 
harmonic of the drive voltage is increased by a factor of 
2√2/√3 (= +63%). A drawback of this control technique 
clearly is that the currents in the windings are not sinusoidal 
anymore. This issue will be further investigated in section 
IV. 
 
C.2. Square Common Bridge Leg Modulation (QCM) 

Unlike the previously presented modulation schemes for 
the QCM the duty cycle of the common bridge leg δD0 is of 
rectangular shape (cf. Fig. 7(b)) with the same phase shift ϕ0 
as it has been used for THM and SCM. This modulation of 
the common bridge leg represents the maximum quantity of 
superposed higher harmonics which leads to a full square 
wave. The average duty cycles δD1 and δD2 are sinusoidally 

 

Fig. 5: Analog 
implementation of 
the sinusoidal com-
mon bridge leg 
modulation with 
resulting duty cycles 
δD0, δD1 and δD2. 
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modulated and show a phase shift of π/2. The maximum 
amplitude of the fundamental harmonic of the applied drive 
voltage is increased by 62% compared to the one achieved 
with CCM.  
 
C.3. Third Harmonic & Square Common Bridge Leg Modu-
lation (TQM) 

A further increase in the maximum current amplitude can 
be achieved when combining the idea of the THM and the 
QCM. This leads to a square wave modulation of the duty 
cycle in the common bridge δD0 while superposing third 
harmonics to the sinusoidal fundamental of the duty cycles 
δD1 and δD2 as it is depicted in Fig. 7(c). With this modula-
tion scheme the fundamental drive voltage is increased by 
72% compared to CCM.  
 

D. Comparison of Modulation Schemes 

In order to compare the effect of the presented modulation 
schemes the fundamental harmonic of the voltage applied to 
the drive coil LD is calculated for each of the average volt-
ages ūD1(t) depicted in Fig. 3, 4 and 7.  
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Fig. 8: Maximum applicable fundamental amplitude of drive volt-
age uD(1) achieved with the (a) CCM (b) SCM (c) QCM (d) THM 
(e) TQM and (f) FBM method. 

The comparison is done with the value obtained with the 
state-of-the-art full-bridge modulation method (FBM) im-
plemented for the control of the topology in Fig. 1(a). 

As can be seen in Fig. 8 is the maximum amplitude 
achievable with the CCM method half of that which results 
from FBM. Furthermore, the maximum voltage that can be 
obtained with the optimal modulation scheme (TQM) for the 
interleaved half-bridge topology is 86% of that resulting 
with FBM and the state-of-the-art full-bridge topology (cf. 
Fig. 1(b)).  

 

IV. ANALYSIS OF SPEED OSCILLATIONS DUE TO 
HARMONIC INJECTION 

In the previous sections, starting from the purely sinusoidal 
modulation concepts (CCM, SCM), gradually higher harmon-
ics have been superposed in order to increase the modulation 
depth. However, as already stated before, this results in pro-
gressively more distorted current waveforms. 

In this paragraph, it shall be investigated to which extent 
this higher harmonic distortion takes influence on speed os-
cillations in the pump system which then result in higher 
vibrations of the impeller which limits it lifetime. Latter is a 
known issue in not only the design of bearingless but also in 
the design of conventional pumps [9]. 

In a first step, a reference operating point of the pump and 
the motor is chosen under steady state conditions where the 
impeller is held at constant angular speed of ω0. Furthermore, 
the pump is working against a given load Phydr = P0. The 
average torque M0 that is exerted by the average torque cur-
rent īq0 on the impeller is in equilibrium with all dynamic and 
frictional forces: 

 0 0.m qM c i=  (14) 

Here, cm is the torque constant of the motor.  

Fig. 7: Simulation results for (a) THM, (b) QCM and (c) TQM with duty cycles δD0, δD1and δD2, switched voltage uD1 and average voltage ūD1
across coil LD1, switched voltage uD2 and average voltage ūD2 across coil LD2 and currents iD0, iD1 and iD2 of the drive system.  



The time-dependent worst case torque generating current 
component through all drive coils iq(t) is represented by a 
square wave function with an amplitude Δiq around the aver-
age value of īq0 as it is shown in Fig. 9. Since the torque ex-
erted on the rotor is strictly proportional to the drive current, 
it is also represented by a square wave function within the 
range M0 - ΔM ≤ M(t) ≤ M0 + ΔM, where 
 

 .M qM c iΔ = ⋅Δ  (15) 
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Fig. 9: Estimated worst case current waveform of the torque 
generating current iq(t), the resulting torque M(t) and the 
subsequent speed ω(t) of the motor.  

 
With this, the worst case speed oscillation occurs where the 

speed oscillates around an average value of ω0. The charac-
teristic time scale of this square-wave function is τ0, which 
corresponds to the length of one period of the ideally sinusoi-
dal drive current divided by twice the number of drive coils 
ndrc: 

 0
0

2 1 .
2 drcn

πτ
ω

= ⋅  (16) 

Each of the two drive windings LD1 and LD2 (cf. Fig. 1(b)) is 
built up with two coils connected in series. Thus, the number 
of drive coils arranged over one full circle is ndrc = 4.  

A cut-off frequency ω0 is then defined by applying a criterion 
according to which the time scale of this square-wave func-
tion must be smaller than a typical acceleration time of the 
impeller resulting from the torque characteristic given with: 
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where ξ0 is a dimensionless system specific constant.  

Implementing (16) into (17) and resolving the latter for ω0 
leads to  

 0 0 ,ω πξ ω> ⋅  (18) 

where 
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The motor investigated here has a torque constant cm = 
0.282Vs. With a reference current of īq0 = 4A and an esti-
mated geometrical moment of inertia of J = 300 kgmm2, and 
πξ0 = 6.28 for the used motor the reference frequency in (19) 
can be determined as ω = 76.83 rad/s. This result translates 
into a cut-off pump speed of  

 0 0
60 734 .
2 min

s n rpmω
π
⋅ ⋅ = >  (20) 

Above this speed, the effects of higher harmonic components 
of the drive current on the evenness of the angular speed of 
the impeller are presumably attenuated significantly.  

Experiments with the pump driven in single-phase operation 
under load have shown that at a speed of n = 5000rpm, above 
that the pump is operating with a reasonable hydraulic power, 
the induced voltage uind(t) measured across the open coil is 
purely sinusoidal as can be seen in Fig. 10 although the cur-
rent is obviously distorted significantly. This leads to the 
conclusion that the impeller is rotating at constant speed 
despite of higher harmonics superposed to the drive current. 
This current waveform is obtained with the modulation 
scheme presented in section III.C.3 (TQM). 

Due to these considerations it has been proven that the im-
peller speed of the pump can be assumed to be constant. This 
implicates a non pulsating and thus constant output flow of 
the pump. 

 

iD1(t)

uD1(t)

uind,D2(t)

uD1(t)_

 
Fig. 10: Experimental results for the induced voltage for highly 
distorted drive currents obtained with TQM. Time behavior of drive 
current iD1, switched voltage uD1 and average voltage ūD1 across 
drive coil LD1 and induced voltage uind,D2 in drive LD2. Current 
scale: iD1: 5A/div, voltage scale: uD1, uind,D2: 200V/div, time scale: 
4ms/div. 

V. MAXIMUM ACHIEVABLE DRIVE POWER 

The maximum applicable drive power to each of the two 
motor phases is depending on the induced voltage ûind and the 
current îD(1), which is in phase with ûind for the field oriented 
control (cf. Fig. 11), flowing through that drive coil.  

Re

Im

(1)el D Dj L îω ⋅ ⋅
(1)Dû

indû

(1)D DR î⋅
(1)Dî  

Fig. 11: Phasor chart of the equivalent electrical circuit of one drive 
phase with the basic phasor orientation.  



Due to the fact, that the induced voltage does not contain 
higher harmonics (see section IV), only the fundamental 
harmonic of that current needs to be considered for the calcu-
lation of the drive power.  

Doing this, leads to the following equation for the motor 
drive power PD of one drive winding: 

 , ,(1), ,D ind rms D rmsP u i= ⋅  (21) 

where iD,(1),rms is the rms value of the fundamental harmonic 
of the current in the drive phase one and uind,rms is the rms 
value of the induced voltage in that winding, which is ex-
perimentally measured to uind,rms = 15.8V/1000rpm for the 
here employed motor. 

According to the phasor chart shown in Fig. 11, the follow-
ing equation is given: 

 ( ) ( )2 2 2
(1) (1) (1) ,ind D D el D D Dû R î L î ûω+ ⋅ + ⋅ ⋅ =  (22) 

where ωel is the rotating speed of the impeller in rad/s. 

Solving (30) for îD1 results in: 
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With (21) and (23) the total drive power of the two drive 
phases can now be calculated for different rotating speeds. In 
Fig. 12 the maximal achievable drive power depending on 
the chosen modulation scheme is shown for Udc = 320V, mmax 
= 0.95 and ID,max,rms = 10A. There, the methods that have been 
presented in section III are compared to the state-of-the-art 
full-bridge modulation (FBM) operated with the topology in 
Fig. 1(a). For these calculations a motor with an inductance 
LD = 35mH and RD = 720mΩ per drive phase is employed.  

 

0

400

800

1200

1600

2000

0 2 4 6 8 10 12 14
n [krpm]

P D
,to

ta
l [

W
]

(a)
(b) (e)

(f)
(c)+(d)

Maximum pump 
operating point

UD,(1),max 

ID,max 

 
Fig. 12: Total achievable drive power for the motor with (a) CCM 
(b) SCM (c) QCM (d) THM (e) TQM and (f) FBM method. 

 

As can be seen in Fig. 12, above rotating speed of 6500rpm 
the CCM method cannot be utilized anymore since the in-
duced voltage is becoming higher than the maximum appli-
cable voltage, whereas with SCM still three times the power 
can be delivered to the drive system at this speed. The power 
rating can be further improved when switching to an in-
creased modulation depth by using the QCM, THM (which 
have the same performance) or finally the TQM method. 

The maximum hydraulic power of the pump is limited to a 
flow of 100l/min with a pressure of 3.6bar [10]. This is 
achieved at a speed of n = 8000rpm and the necessary drive 
power required to operate the pump at this point is 1190W. 
According to Fig. 12 this can be achieved by the TQM 
method with no performance decrease compared to the con-
ventional full-bridge topology with its modulation. Further-
more, it can be seen that the achievable drive power is limited 
for lower rotational speeds by the maximum allowable drive 
current. On the other hand, for higher speeds the maximum 
applicable drive voltage that is ensured by the respective 
modulation scheme limits the achievable drive power. 

VI. EXPERIMENTAL VERIFICATION 

The proposed modulation schemes have been implemented 
on a DSP and tested with a prototype (cf. Fig. 13) of a 1.5kW 
converter. This system is built up with two integrated half-
bridge power modules [11] for the drive and bearing system 
and is operated from a single phase mains voltage. Each 
IGBT of these modules has a maximum peak current rating of 
30A. The switching frequency of the drive and bearing sys-
tem is chosen to 17.5kHz. 
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Fig. 13: Prototype of the 1.5kW interleaved half-bridge converter 
with two integrated three phase power modules for the control of 
the drive and bearing system. 
 

A. Verification of modulation schemes 
In Fig. 14, the current and voltage waveforms in the drive 

system generated by the different modulation schemes are 
presented. The measured shapes of the drive currents iD1 and 
iD2 are in good agreement with the simulation results (cf. Fig. 
3, 4 and 7). 

Furthermore, tests with a bearingless pump system under 
load have been carried out in order to show the resulting 
maximum torque limits of the different modulation schemes. 
As an example, the result for the THM method is presented in 
Fig. 15. This allows it to rotate the impeller with a speed of 
8500rpm while regulating the flow to 38l/min. The resulting 
output pressure is then 4.5bar. The current iB1 in the bearing 
phase LB1, the drive current iD1; the common bridge leg cur-
rent iD0, as well as the switched voltage uD1 across the drive 
coil LD1 are shown in the aforesaid figure. As can be seen, the 
bearing current iB1 depicted in that figure is relatively small 
compared to the drive current iD1 and thus the CCM method 
is sufficient to control that current. 
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Thus, the control of the bearing system with the CCM 
method still ensures a sufficient performance over the whole 
operating range of the pump, while for the control of the 
drive system for higher power and/or rotation speeds the 
presented more advanced modulation techniques have to be 
employed (cf. Fig. 12). E. g. the shown operating point in Fig. 
15 could not be achieved by the CCM or SCM method. 
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Fig. 15: Experimental results for the pump under operation employ-
ing the THM method with an impeller speed of 8500rpm, a flow of 
38.5l/min and resulting pressure of 4.5bar. Time behavior of bear-
ing current iB1, drive current iD1, common bridge leg current iD0, 
switched voltage uD1 and average voltage across ūD1(t) of drive LD1. 
Current scales: iB1, iD1, iD0: 10A/div, voltage scale: uD1: 500V/div, 
time scale: 4ms/div. 

 
VII. SUMMARY  

In this paper, novel modulation concepts for the control of 
a two-phase bearingless slice motor pump operated with the 
interleaved half-bridge topology are presented. Starting with 
a constant common bridge leg modulation more advanced 
modulation concepts with the superposition of higher har-
monics are then presented. The proposed modulation schemes 
are compared based on the maximum achievable drive power 
for the motor. With the highest level of harmonic superposi-
tion the maximum voltage applicable to the drive phases is 
86% of that obtained with the state-of-the-art full-bridge 

topology and its control method. As shown in analytical cal-
culations these higher harmonics in the drive current do not 
have an impact on the constant speed of the impeller and thus 
on the constant output flow of the pump. This is finally veri-
fied by measurements on a pump system with a 1.5kW con-
verter realized with integrated half-bridge power modules. 
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Fig. 14: Experimental results of the 
modulation schemes presented in 
section III. (a) CCM (b) SCM (c) THM 
(d) QCM and (e) TQM. Time behavior 
of drive currents iD1 and iD2, common 
bridge leg current iD0, switched voltage 
uD1 and average voltage ūD1(t) of drive 
coil LD1. Current scales: iD0, iD1, iD2: 
10A/div, voltage scale: uD1: 200V/div, 
time scale: 2ms/div. 


