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ABSTRACT The low ratio of sampling frequency to electrical frequency (carrier ratio) is a challenging
issue for applications, such as high-speed or high-power drives. In fact, high-speed drives have high
fundamental frequency and high-power drives have low switching (sampling) frequency, leading to the same
control challenges of having high dynamic and stability with a limited number of control actions in one
period. Parameters mismatch occurs due to the converter non-linearities, deadtimes, temperature change,
and saturation; hence, providing robust control is a key challenge. This paper starts reviewing the problems
of controlling machines with a few switching instances per fundamental period and an analysis of the state-
of-the-art current control strategies for permanent magnet synchronous motors (PMSMs). Three different
control schemes are analyzed. The discrete-time PI current controller is providing good robustness, while
the dynamic performance may not be sufficient for some applications. Second, the deadbeat control offers
very fast dynamic performance but is weak under parameter mismatch. The novel application of the Dahlin
controller offers a tradeoff between performance and stability. The control algorithms are evaluated based
on the stability, robustness, and dynamic and steady-state performances. Their performance and sensitivity
to parameter variation are analyzed through simulations, and the experimental measurements are proving
the results.

INDEX TERMS Dahlin control, deadbeat control, pulse ratio, electric drive, PMSM, current control,

pulse-width modulated power converter.

The growing research interest in high-speed machines can
be observed by the high number of publications in this
research area. Rising attention is given to topics related to the
hardware for motor drive systems with high-speed machines,
such as the machine itself, the converter, the motor filters,
as well as research related to the software, i.e. the control or
observer design [1]-[4]. For many applications like pumps,
fans, or automotive, high-speed machines are becoming more
and more popular [5]. Machines up to speed of one Mil-
lion r/min or a rated power of one Gigawatt are available
today [2], [6]. The permanent magnet synchronous machine
is the first choice for many applications due to its compact
size, high power density and good efficiency.

The associate editor coordinating the review of this manuscript and
approving it for publication was Ton Do.

VOLUME 7, 2019

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

Having a cascaded control, the performance of the current
control determines the performance of the overall control sys-
tem. Therefore high bandwidth, fast dynamic response, and
good steady-state performance for high-frequency PMSM
current control are ongoing interesting research topics.

Many approaches to control permanent magnet syn-
chronous machines have been studied. The V/f-Control is
a well-known concept and is shown to work for high-speed
motors in [7]. However, this method does not control the
stator currents, which can lead to deviations in the sta-
tor flux, produce torque ripple and worsen the accuracy
and dynamic performance of the machine. The cascaded PI
based current control with overlaid speed or torque control
is common in industry and offers good steady-state per-
formance. Advanced decoupling schemes [8] improve the
dynamic performance. Also, the direct design in the discrete
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time domain, the Discrete-Time Current Controller, proves to
give good results for field-oriented as well as voltage oriented
control [9]-[11]. These approaches offer good robustness, but
the dynamic performance is not satisfying for some applica-
tions. Considerable research attention is given to predictive
control. Using model predictive control, the cost function
can be used to optimize performance, losses, or increase
robustness, but raises high computational requirements [12].
On the other hand, the well known Deadbeat Control can
be used to null the control error after a predefined num-
ber of switching periods. To be properly tuned, an exact
discrete machine model is required. Due to non-linearities,
parameter variation, or other mismatches, the robustness
of the Deadbeat Control can be critical. Due to the very
good dynamic performance, the Deadbeat Control is popular
and many strategies like compensation algorithms [13], [14],
observers [15]-[18], or new control systems [19], [20] are
introduced and continuously adapted. The Dahlin Controller
is an extension of the Deadbeat Controller and well known for
controlling deadtime processes. The novel application of the
Dahlin algorithm for machine control combines fast dynamic
and steady-state performance, and robustness by introducing
a tunable integral behavior.

The paper is organized into six sections. An overview about
the challenges of controlling machines with low fs /f,; ratio
is given in Section I. In Section II, state-of-the-art current
control strategies are compared and in Section III the Dahlin
Control is introduced. The dynamic performance and effects
of parameter uncertainties on the system are evaluated by
simulations in Section IV. The simulation results of the
evaluated control schemes are verified by experiments in
Section V. Conclusions are finally drawn in Section VI.

I. OVERVIEW ON CHALLENGES OF LOW fg/f,; RATIO

For electrical drive applications, the field-oriented con-
trol (FOC) with a cascaded speed (or torque) and current
regulator is used in industry since many years. For high-speed
drives, the rated electrical frequency of the machine can reach
very high values. On the other hand, for medium to high
power drives, the switching frequency f5,, has to be kept
low. For a medium power system, a maximum switching
frequency of approximately SkHz is often used in industry,
while the electrical frequency f,; can go up to several hundred
Hertz. The decreasing ratio fs /f,; can be used as characteristic
value to analyze the stability of the control system. Especially
at low ratios of fs/f,; < 10, it is important to have a high
current control bandwidth.

Due to the small number of switchings per fundamental
period, it is also important to limit the losses in the machine
and keep the total harmonic distortion of the current (THD1)
below a certain value. The natural filtering due to the machine
inductances is often insufficient to keep the THDi below
5%, which is often required in industry. Hence, special sinus
output filters (LC-Filter) to reduce the current and voltage
harmonics are required. Thus, the system gets larger, more
expensive, and more complex to control [21].
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Rare-earth magnets like neodymium-iron-bore (NdFeB),
which are used for the permanent magnets of the rotor, are
very sensitive to temperature. The rotor temperature has to
be kept strictly below a defined temperature, to prevent irre-
versible demagnetization of the magnets. In literature, there
are many ways to estimate or monitor the rotor tempera-
ture, e.g. presented in [22]. In high performance drives high
control bandwidth and accuracy is required. Deviations can
lead to distortion of the stator flux linkage [10]. The resulting
torque ripples can harm the mechanical parts of the system,
like the machine, gearbox, or mechanical coupling.

Il. CURRENT CONTROL STRATEGIES
The analyzed current control strategies in this paper are using
modulators and are therefore easy to compare, as they can
be interchanged without changes in the control structure.
A switching frequency of 1kHz is chosen and DSP provides
the calculation power for the use of asymmetrical PWM.
Using double update PWM, the delay due to the PWM could
be halved, from one switching period to Ty pwy = 0.5 Tiyy.
Multisampling strategies can help to reduce the delay further,
thus, increasing the bandwidth and improving the control
response [23]. For the use of DSP and direct design of the
controllers in the discrete time domain, equation (1) shows
the dependency of the digital system from the sampling time,
the first-order differential term between two sampling periods
can be approximated.

dii(t) _ i+ 1) — itk )

t Ts

Fig. 1 shows the control scheme of the considered system.
The voltage source converter (VSC) is controlled by a cas-
caded control structure with speed and subordinated current
control and it provides a voltage of variable amplitude and
frequency to the permanent magnet synchronous machine
(PMSM). Equation (2) shows the continuous-time state-space
representation of the PMSM, where the stator current ig is
chosen as state variable and the inputs are the stator voltage vg
and PM flux Wpys. Pulse width modulation is used to realize
the voltage space vectors.

dis(t
% = Apis(t) + Bpuvs(t) + cmVpy 2
A — [ —R,/Lq wequ/Ldi|
" _—CUelLd/Lq _Rs/Lq
r 1
I 0
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A. DISCRETIZED PI CONTROL
The PI control is well-known for controlling electrical
machines in industry [24]. The most common method to
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FIGURE 1. Schematic of control scheme with Converter, Control, and
PMSM.

design a PI controller for digital systems is to perform the
design in the continuous time domain and then use the Euler
Methods to transfer the controller into the discrete time
domain. The discrete time representation of the PI controller
with a proportional and an integral part is defined as

K;
Gpi(s) = Kp + - 4

Equation (5) shows the discretized transfer function using
Tustin transformation.

KiTs z+ 1
Gpi(2) = Gpi(s) =Kp+
2 -1 2 z—1

$=Tg oF1

&)

For example, in [11] an approach to tune the PI controller
depending on the desired bandwidth is shown. In equations
(6) and (7) with L’ and R’ defined as the nominal values at
zero speed, while wg defines the required bandwidth.

Kp =L - (©)
K =R - o )

For rising fundamental to switching frequency the pole zero
map of the discretized PI controller is shown in Fig. 2.
At small ratio, where conventional machines are usually oper-
ated, the PI controller provides good results, but for rising
ratios, the controller becomes instable. Fig. 2 shows the
pole-zero map of the control. At a frequency of f,; /fs ~0.07,
the poles drift out of the unit circle and the control gets
unstable. To overcome these problems, many methods like
the State Feedback Decoupling or delay compensations have
been introduced. This way, the performance of the controller
can be improved, but it is not possible, to eliminate the time
dependency of the controller [10].

B. DIRECT DESIGN OF A DISCRETE TIME DOMAIN
CURRENT CONTROLLER

A possibility to overcome the frequency dependent instability
in the discrete time domain is to design directly in the discrete
time domain (Discrete-Time PI Control) [9]. The discrete
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FIGURE 2. Pole-Zero map of Discretized PI Control for
f /fs =[0.00,0.05, ..., 0.30].
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FIGURE 3. Pole-Zero map of Deadbeat Control (red), Dahlin Control
(purple), and Discrete-Time PI Control (blue) for
f.;/fs =[0.00,0.05, ...,0.30].

transfer functions are obtained by using a zero-order hold
voltage latch.

a5 2ol [222]]

Based on the discretized plant model, the PI controller is
tuned to cancel the time dependent pole of the plant. Kpy 44
can be used to define the dynamic response of the controller.

Gpr,dd(z) = Kprdd - Sl
z—1
Fig. 3 (blue) shows the pole-zero map of the closed loop con-
troller, including the time dependent pole-zero-cancellation.
As the PI Controller is very well known, this strategy is
easy to adapt and implement. The dynamic performance is
still good, with a rise time of three sampling periods and a
settling time of seven sampling periods. However, depending
on the application it can be beneficial to have faster dynamic
response.

€))
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FIGURE 4. Block scheme of the Dahlin control system.

C. DEADBEAT CONTROL
The Deadbeat Control is well known and is given increasing
attention for the control of motor-tied applications in the last
years. Many different designs of Deadbeat control have been
presented in literature, focusing on time delay compensation,
robustness, or many other [13].

The idea of the Deadbeat Control is to null the error after
a given number of sampling periods. Taking into account the
calculation and sampling time, it can be seen, that a minimum
of two sampling periods is required for the Deadbeat control.

1 72

Gplam(z) 1 — 272

The Deadbeat Control algorithm requires a good knowledge
of the electrical machine model and their parameter values.
The processing and calculation period takes one sampling
period. As shown in equations (11) and (12), the PWM volt-
ages can be calculated based on the predicted currents and the
output voltages based on the sampled values and are applied
at the (k+2)-th period. The measured values in the k-th period
are used for the calculations the (k+-1)-th period and q(k) are
used as the reference currents.

Gpeadbeat(2) = (10)

Ly . . .
vtk +1) = TS (i5(k) — ig(k + 1)) + Ryia(k + 1)

- qweliq(k +D (1
k+1) = L—q F k) — i 1 ) 1
velk +1) = T ig(k) —iq(k + 1)) + Rsig(k + 1)
+ Laweiiq(k + 1) 4+ we1 Wppy (12)

The closed loop pole-zero-map is shown in Fig. 3 (red).
As shown in equation (10), the controller compensates the
system dynamics completely, if the system parameters are
well known. This makes the Deadbeat Control susceptible
to parameter variations. Using the wrong parameters, not
compensating the temperature dependent rise of the motor
resistances, or the saturation of the inductances can lead to
undesirable results. The dynamic performance worsens and
overshoots or oscillation may occur, which lead to torque
ripple. In addition, the steady-state performance can suffer
and lead to a steady-state control error.

Ill. DAHLIN CONTROL

The Dahlin Control is based on the Deadbeat Controller
and extends the Deadbeat Control with an integral behavior.
While the Deadbeat Control has a very fast dynamic perfor-
mance but lacks under parameter variation, the Discrete-Time
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FIGURE 5. Closed loop Dahlin Control Step response for
A =[0, 100 us, 150 s, . . ., 350 us].
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FIGURE 6. Comparison of Deadbeat Control (red) and adaptive Dahlin
Control (purple): Increasing Current reference steps [5A, 15A, ..., 45] and
step responses (top), and current error (bottom).

FIGURE 7. Experimental setup: (a) Siemens PMSM, (b) DC Load machine,
(c) Oscilloscope, (d) DSpace MicroLabBox, (e) Converter.

PI Control has a good stability and steady-state performance,
but the dynamic performance needs to be improved for some
applications. With the Dahlin controller, a trade-off can be
chosen, which is easy to implement, robust, fast, and has
a good performance. The control structure was introduced
by E.B. Dahlin in 1968 and is a digital controller [25], used
for processes with deadtimes [26], [27]. By extending the
Deadbeat Control with the integral part, model mismatches
like parameter changes, system non-linearities, and saturation

VOLUME 7, 2019



S. Walz et al.: Dahlin-Based Fast and Robust Current Control of a PMSM in Case of Low Carrier Ratio

IEEE Access

Discrete-Time PI Control Deadbeat Control Dahlin Control
1.4
I |07 Lo 07L,.
12 \1 n "W
l _I —— OM }-:
O -
3 o0s - L
h=
é; 0.6
0.4 o
o2t |7
0
0 5 t[T] 10 0 5 t[T] 10 0 5 t[T.] 10
1.4 1.4 [‘* | 1.4
1.2 — 1.2 1.2
3 = < ]
=] = =] | |—'—| =] |
% 1 = i 1 'a 1 | —
0.8 . 0.8 | J 0.8 [
0 1 2 3 4 5 0 1 2 3 4 5 0 1 4 5
t[Ts] t[T] t[Ts]

FIGURE 8. Step response: Discrete-Time Pl Control (solid: 3% Overshoot; dotted: No Overshoot) with varied/nominal parameters:
blue/green; Deadbeat Control with varied/nominal parameters: red/turquoise; Dahlin Control (A = 100.s) with varied/nominal

parameters: purple/yellow.
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FIGURE 9. Bode plot open loop current control strategies: Discrete-Time Pl Control (3% Overshoot) with varied/nominal parameters:
blue/green; Deadbeat Control with varied/nominal parameters: red/turquoise; Dahlin Control with varied/nominal parameters:

purple/yellow.

effects can be compensated. Equations (13) and (14) show the
design of the controller.

1 T(z)

GDanlin(2) = Gom@ 1-T@ (13)
l—e_% 72 .2
T() = ( T,> _ (-9 22 (14)
l—e 7 .72 l—oa-z-

The parameter A is used as a tuning factor and defines the
behavior of the control. For A = 0, the Dahlin Control is
identical to the Deadbeat Control. For A > 0, the continuous
response is defined by the ratio of time constant A and the
. . . Is .
sampling time T in the numerator, (1 — ¢~ * ). This can be
solved to set the rise time T}ise, defined as the time to rise
from 10% to 90%, and settling time Teqling, the time for the
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response to reach and stay within a 2% error band of its final
value, of the control. An exemplary waveform is shown in
Fig. 5 (orange).

Toe =22 75 Tewm =47 (9
The pole-zero-map of the closed loop control using the
Dahlin Controller is shown in Fig. 3 (purple). While one pole
is still in the origin, the second pole is depended on the tuning
parameter A. In addition, there is pole-zero-cancellation of the
frequency dependent poles.

Using the Dahlin Control, a trade-off between fast dynamic
performance and high robustness can be chosen and, at the
same time, keeping good steady-state performance. The tun-
ing factor A can be used to adapt the control to the required
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FIGURE 10. Dahlin Control: Load step at nominal speed (fo; = 100 Hz),
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system and desired performance or even changed online,
as shown in Section IV. The control structure of the Dahlin
Current Control in the discrete time domain is shown in
Fig. 4, where Gpghiin(2) is the Dahlin Controller, eq. (13),
Gpmsm(z) the transfer function of the machine, eq. (11) and
(12), and Ggelay(z) the two period delay. The effect of the
tuning parameter A (also rewritten as unit-free value o) are
analyzed in Fig. 5. For A = 0, the Dahlin Controller is equal
to the Deadbeat Controller (turquoise). With increasing time
constant A, the integrational part of the Dahlin Controller
is becoming more important and the rise time increases.
Choosing a time constant of A = 350us, the settling time is
equal to the settling time of the Discrete-Time PI Controller,
thus, depending on the parameters of the machines and the
application, the tuning parameter lambda should be chosen
between A = [0, 350us].

IV. SIMULATION RESULTS

A. ROBUSTNESS ANALYSIS

To analyze and compare the performance of the current con-
trollers, MATLAB Robust Control Toolbox is used. To take
the saturation of the inductances into account, the nominal
inductances are varied in the range of 70%— 100% L;,on,. The
heating of the motor increases the motor resistance, which
increases the damping and therefore improves the stability.
Hence, it does not have to be considered in a worst-case
scenario.

For the dynamic analysis, the step responses for varied
parameters are shown in FIGURE 8. The Discrete-Time PI
Controller (blue) shows higher oscillation and variance of the
rise and settling time. While the nominal overshoot is only
3%, at worst case the overshoot can rise up to 20%. Using
a more robust design without overshoot (0%, dotted lines),
the Discrete-Time PI Control shows the most robust behavior
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TABLE 1. Machine setup data.

PpMsM,rated 22kW
Nrated 2000rpm
fer 100Hz
pole pairs 3
Ly.dq 2.2uH
Rs 0.1Q
TABLE 2. Converter setup data.
Vbe 560V
Sfsw 1kHz

Tdcadtimc 2}’“5

in regards to phase and gain margin, but the dynamic perfor-
mance worsens and the rise and settling times rise. Also the
Deadbeat Controller faces an overshoot. While using nominal
values the error can be nulled after two sampling periods and
without overshoot, worst case behavior shows an overshoot
of 20% and a steady-state error. The Dahlin Control shows
the least deviation due to the parameter variation. Using a
A-factor of 100us, the nominal settling time of three sampling
periods is only slightly higher than for the Deadbeat Control
and only a small overshoot occurs. With varied parameters,
the settling time can rise, but only a very small overshoot
occurs.

To increase the robustness, A could also be changed online.
A of the Dahlin Control is changed depending on the absolute
value of the current error in a defined range, for example like
given in Fig. 5, and can be added as input to the control,
Fig. 4 (purple). In Fig. 6 simulation results for reference
current steps are shown. For small changes in the reference
current, a very fast response is preferable. In case the motor
inductances are saturated or other parameter variation occur,
the relative overshoot is high, but the absolute overshoot of
the current can be handled by the system. On the other hand,
if the changes in the reference current are high, an increasing
A-factor is desirable. This way, under nominal parameters
the torque reference can be limited, reducing the mechanical
stress, and, in case of parameters variations, the over-current
is reduced. Also more advanced ways of adapting A are
possible, e.g. based on model reference as shown in [28] or
on the observed disturbance [29].

The Bode plot of the open-loop transfer function is shown
in FIGURE 9. The nominal inductances are varied in the
range of 70%— 105% L,,,,, and the stator resistance between
90%— 200% R;om. While the Dahlin Control shows the best
results for the phase and gain margin, all three controllers
prove their high bandwidth even under worst-case parameter
variation. The results are summarized in Table 3 and Table 4.

V. EXPERIMENTAL RESULTS
The simulation results of the current controllers are validated
by experiments with a 22kW Siemens PMSM, connected
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FIGURE 11. Performance for measured and simulated step response: (a) Deadbeat Control, (b) Dahlin control
(A =100 us), (c) Discrete-Time PI Control, (d) slow Dahlin Control (A = 250 us).

to a DC load machine. The DC link of the converter is
connected to a 20kW DC voltage source. The waveform of
the output current is measured and recorded by a Tektronix
DPO3014 Oscilloscope with a Tektronix TCP0030 Current
Probe. The inductance and resistance of the machine were
measured with a Sourcetronic ST2826A LCR meter and are
given in Table 1, the operation point of the converters is listed
in Table 3. No additional motor-filters are used. A DSpace
MicroLabBox is used to control the system. The laboratory
setup is shown FIGURE 7.

A. NOMINAL OPERATION

In FIGURE 10 the Dahlin control is tested with a load step
at nominal speed and a carrier ratio of fs/f,; = 10 is
shown. As it can be seen, the speed controller works correctly,
increasing the g-component of the current.

As the decoupled current dynamics for d-/ and g-current
are equal, the step response for a 6A d-component current
reference step from iy = 2A to iy = 8A at stand-still is cho-
sen to validate the performance of the controllers and avoid
unwanted torque effects. Additionally, the rotor is locked
to provide similar initial conditions for all test cases. The
voltage drop of the semiconductors and the deadtime are
compensated for this operation point. The results are shown
in FIGURE 11.

The experimental results prove the simulation results.
Under nominal conditions, the Deadbeat control nulls the

VOLUME 7, 2019

error after two switching period, FIGURE 11 (a). In addi-
tion, the successful tuning of the Dahlin Control is proven.
In FIGURE 11 (b) the fast dynamic response (with A =
100ss) is comparable to the Deadbeat Control and the inte-
grational behavior can be seen. Using a slower tuning (A =
250ps) in FIGURE 11 (d), the settling time is similar to the
Discrete-Time PI Current Control, but no overshoot occurs,
which can be beneficial to avoid over-current and consequen-
tial torque ripples can be avoided.

B. OPERATION UNDER PARAMETER VARIATION

To test the robustness of the control strategies, the con-
trol parameters are increased to simulate the saturation of
the inductances and are measured in five operation points
for Lyy, = [100%, ..., 60%]. Under parameter varia-
tion, the simulated behavior, shown in Section IV, could
be proven. The slightly lower overshoots can occur due to
increased motor resistance Ry and consequently higher damp-
ing. As shown in FIGURE 12(a), the expected very fast rise
time of the Deadbeat Control comes with the drawback of
the biggest overshoot under saturation. FIGURE 12(b) shows
the measured step responses of the Dahlin Controllers with
a small time constant A (A = 100us). In this way, the step
response is smoothened while the overshoot under parameter
variation is reduced. Compared to the Deadbeat Control,
the rise time increases by one sampling period Ts.
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control (A = 100 s), (c) Discrete-Time PI Control, (d) slow Dahlin Control (A = 250 us).

TABLE 3. Performance comparison of current control strategies.

Rise time [Ts]

Settling time [T's]

Perc. Overshoot  No steady-state error

Discrete-Time PI Control 3 6 3% v
Deadbeat Control 2 2 0% X
Dahlin Control 3 3 0% V4

TABLE 4. Robustness analysis for current control strategies.

Phase margin

Gain margin [dB] Crossover Frequency [Hz]

MIN NOM MAX

MIN NOM MAX MIN NOM MAX

Discrete-Time PI Control

3% Overshoot 39.1°  53.7 57.4° 4.17  6.70 7.53 675 728 756
0% Overshoot 439 464 666
Deadbeat Control 46.7°  60.0°  62.9° 3.21 6.02 6.84
Dahlin Control 49.4°  64.6° 66.7° 459 824 9.05 575 632 1020

In FIGURE 12(d), the measured results of the Discrete-
Time PI Current Control are shown. The results are compared
to the Dahlin Controller tuned to have the same settling time
in nominal operation point, but without an overshoot (A =
250us). While the Discrete-Time PI Current Control has a
maximum overshoot of approximately 40% with a 30% satu-
ration of the inductances, the Dahlin Controller shows higher
robustness. Also tuning the Discrete-Time PI Control to have
no Overshoot in nominal operation point, FIGURE 12(e),
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the rise and settling times increase, while the sensitivity to the
parameter variation is higher than for the Dahlin Controller.

VI. CONCLUSION

In this paper, modulator based current control strategies
for permanent magnet synchronous motors with low ratios
of sampling to electrical frequency are compared. The
well-known Deadbeat Control and direct designed PI Con-
trol are compared with the novel application of the Dahlin
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Controller. Especially for low ratios of fs/f,; the controllers
are pushed to their limits and high robustness to parameter
variations is required. The detailed robustness analysis shows
good behavior for all current control strategies, whereas
the Dahlin Controller shows also very good dynamic and
steady-state performance for high parameter variation. The
experimental results prove the analyzed behavior. While all
investigated control strategies are stable, the Dahlin Con-
troller offers a good solution to increase the robustness of
the closed loop control system. Under worst case parameter
variation, the maximum overshoot can be reduced by approx-
imately 20 percentage points compared to the Deadbeat Con-
trol and, compared to the discrete-time PI Control, the settling
time can be reduced by three sampling periods. It can be
concluded that the proposed control is at the same time faster
than the PI and more robust than the Deadbeat to parameter
variations.
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