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Abstract—This paper presents a cost-efficient closed loop control of a small
permanent magnet machine for pumping application. The special feature of
the described solution is only one current probe in the DC-Link of the con-
verter. The three phase currents are calculated from this measured current
in combination with the state of semiconductors at the time of measure-
ment. Near the sector borders of the space vector modulation the turn-on-
time of one semiconductor is too short for measuring the current. A method
is developed to compensate these blind areas with the extension of the turn-
on-time in half of the PWM-Cycles. The measured values are checked by
an error detection and exchanged if necessary by an approximation. The
position of the rotor is also calculated from the measured current. The pa-
per presents a close loop vector control with less costs than conventional
solutions.
Keywords— permanent magnet machine, sensorless, summation shunt resi-
stor, space vector modulation, d-q regulation, DC Link current sensor

I. M OTIVATION

A permanent magnet machine is often used in the application
field of small heating pumps. The machine is fed by a voltage or
current source inverter to achieve variable speed operation. This
inverter has to be regulated to enhance the dynamic behavior of
the pump, to get a good acceleration at start up and to attain a
good efficiency over the whole range of use.
It is essential for the control to know the motor phase currents
at any time. Conventional inverters use three current probes to
measure the phase currents of the motor directly. The use of
three probes causes costs. For example the measurement with a
shunt resistor for each phase requires three differential ampli-
fiers. Rogowski–coils are even more expensive.

Fig. 1. Schematic of the power elements of the voltage source inverter. The
shunt resistor measures only current of the DC-Link.

The use of one shunt resistor in the return-path of the DC-Link

is also possible and is presented in this paper. The main advan-
tage of this method is the simple current measurement without
differential amplifiers!

II. SPACE VECTORMODULATION

The basis of the described control is the well known space vec-
tor modulation. The possible switch states of the used power
electronics are represented in figure 2 by the six voltage vectors
U1(100) – U6(101) and the zero vectors U0(000) and U7(111).

Fig. 2. Space vector modulation

The turn on times of each used vector are determined similar to
the geometric vector addition shown in figure 2.

III. M EASUREMENT OF THE CURRENT

To determine all motor currents it is necessary to measure two of
the three phase currents. The third can be calculated with equa-
tion (1) if the neutral point is not connected.

−→
i u +

−→
i v +

−→
i w = 0 (1)
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In space vector modulation two switches are conducting in a
PWM-Period. Depending on the state of the switches the mea-
sured DC-Link current can be assigned to one phase current (see
fig. 3). During one PWM-cycle the phase current is assumed to
be constant. Because of this, the currents of two phases can be
determined by measuring the DC-Link current at both switching
positions of the bridge.

bridge state 100 110 010 011 001 101
motor current iu −iw iv −iu iw −iv

Fig. 3. Switching positions of the bridge and the resulting phase current that
equates the DC-Link current.

A. crossing the sector border

Near the borders of every 60◦ sector the turn-on-time of one
state of semiconductors is very short in relation to the turn on
time of the other state. As shown in fig. 4 the current of the DC-
Link cannot be measured in this short time.

Fig. 4. The measured DC-Link current (Line B) in the surroundings of a sector
crossing (Line A). Line C and D are gate signals of two highside transistors.

The black colored signal (Line A) of figure 4 shows the crosso-
ver from one Sector to the following. The second graph is the
current measured in the DC-Link. The control-signal at the ga-
tes of two highside semiconductors is shown in graph C and D.
The first time both currents are measurable after the crossover
of the sector is in the sixths PWM-Cycle. In the five prior cycles
the time is too short to detect the current in one phase.

The minimum turn on time of one semiconductor, in which it is
possible to measure the motor currents can be calculated with
equation (2).

Tmeas,min = TDeadTime+TNoise+Tsample&hold (2)

Due to this minimum turn-on-time so called ’blind’ areas exists
in the space vector modulation (see fig 5) in which the controller
has to estimate the motor currents. The angle of these ’blind’
areas is approximately 10◦ before and after the sector border if
the measurement time isTmeas,min = 2.5µs.

Fig. 5. The ’blind’ areas in the space vector modulation due to the minimum
turn on time for measurement of the phase currents.

Fig. 6. Measurement of the motor current turn on times of T1 and T2 at a
motor speed ofn = 1500 1

min and the resulting motor current.

Figure 5 shows the measurement of one motor current with the
described method. The turn-on-time of the two semiconductors
are displayed in blue and pink and the third graph is the measu-
red current of one motor phase. Several distortions can be seen
in the current signal. Especially at the sector crossings the cur-
rent signal is not useable for control. The blind areas have to be
compensated and an error detection and correction has to bev
installed.

B. Compensation of the ’blind’ areas

Due to the summation of the blind areas of 10◦ before and after
the sector borders to 120◦ per turn, one third of all current mea-
surements are not useable. This huge amount of data cannot be
estimated by the controller in a sufficient way.
One solution to compensate the blind areas is to limit the mi-
nimum of the turn-on-time to the necessary measurement time.
This results in deformations of the motor voltage and a non si-
nusoidal motor current. As a compromise the minimum turn-on-
time of the semiconductor is increased only every second PWM-
Cycle. The missing measuring point has to be interpolated by the
controller. The disadvantage of this compensation is a noticea-
ble noise development at a rotor speed less thann = 1000 1

min.
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Fig. 7. Measurement of the motor current The minimum turn-on times are
limited to the measurement time.

Figure 7 shows the current measurement with a limited turn-on-
time at every second PWM-Cycle. The measured motor current
is much closer to the real motor current at the sector borders.

C. Timing of the current measurement

Because of the above mentioned compensation it is reasonable
to divide the current measurement into two separate functions.
In every PWM-Cycle only one current is measured and the va-
lue of the other semiconductor is kept konstant.
The starting point of the two measurement functions has to be
coupled with the PWM-Period. The measurement points are ti-
med with formula (3).

Tmeas1 =
1
4

T1

Tmeas2 =
1
4

T1 +
1
2

T2 +T0 +
1
4

T2

=
1
4

T1 +
3
4

T2 +T0 (3)

These points are displayed in figure 8 by red arrows. The functi-

Fig. 8. Timing diagram of the motor current measurement

ons are called by a timer which is reset by the interrupt function
T1UINT at the beginning of every PWM-period.

D. Error detection and correction of the current measurement

With the described method a good accuracy of the measured
signal can be achieved. Nevertheless some particular errors as
shown in figure 9 cannot be eliminated. The graph shows the
values of T2 in the range ofϕ = [0◦...180◦] with two obvious

Fig. 9. Measured motor current at point T2 in the range of [0...180◦]

measuring errors. It is possible to filter all values for example
with a digital low-pass filter or an average calculator. However
this results in a delay dependent on the complexity of the filter.
The better way is to detect the errors and to exchange only these
values with an approximation.
An error can be detected with the difference between the measu-
red value and the former value. The allowed difference is depen-
dant of the absolute motor current which is nearly proportional
to the motor speed. Because of this the error range can easily be
calculated with a simple multiplication of the motor speed with
a constant factor dependant of the nominal power of the machi-
ne.
After detection of the wrong measurement it can be replaced by
the value of a simultaneous running averaging filter.
Averaging filters are suitable for signals without DC-Offset. In
this application a filter with a strong history function is used
which is approximating best with an increasing number of mea-
surement points. In recursive form it can be described with equa-
tion (4).

yk =
1
k

k−1

∑
i=0

uk−i

= yk−1 +
1
k

(uk−yk−1) (4)

Such a filter is useable for nearly constant signals, because fast
amplitude changes are highly suppressed. This behavior can be
adapted to the demanded filter characteristic by scaling previous
values with an exponential factor shown in equation (5)

yk =
1
M

uk +
M−1

M2 uk−1 +
(M−1)2

M3 uk−2 + ...+
(M−1)n

Mn+1 uk−n

=
k

∑
i=o

(M−1)i

Mi+1 uk−i (5)

If the parameterM is nearby 1(M ≥ 1) the influences of the
result by the former values are only marginal. With increasing
M the signal is more smoothed.

IV. D ETERMINATION OF THE ROTOR ANGLE

The angle of the rotor can be determined with the knowledge of
the phase currents and voltages. The equivalent circuit diagram
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Fig. 10. Equivalent circuit diagram of the synchronous machine

of the synchronous machine is shown in figure 10 and the mesh
equation is given to:

−→
U s = R

−→
I s+ jωeLs

−→
I s+

−→
U p (6)

with the euler equation this can be converted to equation (7).

−→
U p = Upejϕp = Use

jϕu−RIse
jϕi −ωLsIse

j(ϕi+ π
2 ) (7)

As shown in figure 11 the rotor angle is in the same direction as
ϕp which can be calculated with:

ϕp = arg(Use
jϕu−RIse

jϕi −ωLsIse
j(ϕi+ π

2 )) (8)

Fig. 11. Vector diagram of the synchronous machine

The accuracy of the rotor angle can be calculated with the des-
cribed methods to±8◦. This is proven by an incremental deco-
der attached to the rotor. In figure 12 the stator and the calculated
rotor angle are shown in the top of the graph. The rectangular si-
gnal in the bottom is the 0◦ and 180◦ position of the incremental
decoder which is in good accordance to the calculated position.

V. CONCLUSION

With the described methods a close loop vector control can be
implemented with less costs than the conventional solution. As

Fig. 12. Comparison between the calculated rotor position (top) and the signal
of an incremental decoder (bottom).

shown in figure 13 the current of the DC-Link is the only feed-
back for the controller.

Fig. 13. Block diagram of the close loop control.

This current is assigned to the three phase currents dependant of
the state of semiconductors and afterwards transformed into the
α,β-coordinates. Even the rotor position can be calculated with
a sufficient accuracy from the motor currents and voltages.
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