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Abstract -Due to their long effective air gaps, permanent
magnet motors tend to have low inductance. The use of ironless
stator structure in present high power PM motors (several tens
of kWs) reduces the inductance even further (<100pH). This low
inductance imposes stringent current regulation demands for
the inverter to obtain acceptable current ripple. An analysis of
the current ripple for these low inductance brushless PM motors
shows that a standard inverter with the most commonly used
IGBT switching devices cannot meet the current regulation
demands and will produce unacceptable current ripples due to
the IGBT’s limited switching frequency. This paper introduces a
new multilevel dc link inverter, which can dramatically reduce
the current ripple for brushless PM motor drives. The operating
principle and design guidelines are included.

1. INTRODUCTION

In permanent magnet (PM) motors, the main flux is
produced by the magnets either mounted on the surface of or
buried inside the rotor. Because the magnets do not carry
current, copper loss is eliminated from the rotor. Further, PM
motors can operate at nearly unity power factor. Hence, PM
motors have higher efficiency compared to induction motors.
Moreover, it is easier to achieve high-performance torque
control with PM motors, in particular, brushless direct current
(BLDC) motors or brushless PM motors. Owing to these
advantages, PM motors have been widely used in a variety of
applications in industrial automation and domestic appliances
with power levels up to 10 kW[1][2]. Recent advancements
in magnetic materials and motor design techniques have
made the PM motor an excellent candidate for traction drives
in electric/hybrid-electric vehicle applications [3][4].

Due to a long effective air gap, PM motors tend to have
low inductance. In [5], the air gap is intentionally made large
to reduce the flux harmonics caused by stator slots and thus
the resultant iron loss in the stator is significantly decreased
for super-high speed PM motors. Recent design techniques on
high power PM motors (several tens of kWs) for EV/HEV
applications such as the use of ironless stator structure have
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reduced the inductance even further below 100 uH [6]. These
types of very low inductance PM motors can provide fast
current control response, which is favorable for most
applications. Ironless motors can produce torque linearly
related to the stator current because there is no iron to
saturate.

On the other hand, the low inductance imposes a stringent
current regulation demand for the inverter to produce a motor
current with an acceptable level of current ripple, which is
typically required to be lower than 5% for many applications.
For low power (up to a few kWs) applications, MOSFETs are
usually employed because they can efficiently switch at up to
50 kHz, which can handle moderately low inductance (a few
hundred pH) motors. As the power level reaches several tens
of kWs the preferred switching device is the IGBT, which is
typically available in two- or six-pack modules. IGBT
modules can only switch at up to 20 kHz [11][12][13], which
is not sufficiently high for very low inductance PM motors.

An analysis of current ripple for BLDC motors having very
low inductance is conducted in this paper. It shows that as the
inductance decreases below 200 PH traditional PWM
inverters with the most commonly used IGBT switching
devices will produce unacceptable current ripple due to the
IGBT’s limited switching frequency. This paper introduces a
new multilevel dc link inverter (MLDCL) for BLDC motors
having very low inductance. The proposed inverter can meet
the strict current regulation by modulating the inverter dc link
voltage through dc voltage level stepping and PWM control
according to the amplitude of the motor back EMF.

II. ANALYSIS OF CURRENT RIPPLE IN BLDC MOTORS

A PM motor can be excited in synchronous mode or
brushless dc mode. The latter excitation, whose drive system
cost is low, is well suited for PM motors of a trapezoidal back
EMEF, while the former excitation is usually employed for
motors having sinusoidal back EMF. Fig. 1(a) illustrates a
typical traditional BLDC motor drive consisting of a three-
phase PWM inverter and a PM motor characterized with
trapezoidal phase-to-phase back EMFs defined in Fig. 1(b).
In the BLDC mode, only two of the three phase stators that
present the peak back EMF are excited by properly switching
the active switches of the inverter, resulting in ideal motor
current waveforms of rectangular shape. There are six
combinations of the stator excitation over a fundamental
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cycle with each combination lasting for a phase period of 773,
as depicted in the same figure. The corresponding two active
switches in each period may perform pulse width modulation
to regulate the motor current. To reduce current ripple, it is
often useful to have one switch doing PWM while keeping
the other conducting instead of having the two switching
simultaneously. It is also possible to split each of the six
phase periods into segments and alternate the switch doing
PWM during each segment to improve the current waveform
[8] or to prevent the unwanted circulating current which may
occur in the inactive phase [9].

Motor current ripple can be analyzed based on an
equivalent circuit for a BLDC motor. For such PWM schemes
described above, the equivalent circuit for the two active
phases is given in Fig. 2(a), where R,, and L,, are the per-
phase stator resistance and leakage inductance, respectively
[10]. The commutation overlap during mode transition can be
ignored for low inductance motors and is therefore not
considered in the equivalent circuit. Fig. 2(b) illustrates motor
terminal voltage and current of the two active phases.

Ignoring the state coil resistance, current ripple, defined as
the peak deviation from the average current as shown in Fig.
2(b), at steady state and continuous conduction mode can be
determined by the following equation.
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(b) Phase-to-phase back EMFs, ideal motor currents and active
switches over an electric cycle for BLDC excitation.

Fig. 1. A traditional PWM inverter for a BLDC motor.
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fsw: inverter switching frequency, fo =1/Tsw

Ve inverter dc link voltage,
Ejens pear:  peak phase-to-phase back EMF.
Assuming the back EMF is linearly related to the motor

speed, N by Epepr  peak = Kpemy N, where Kpeny is a

constant determined by the motor, equation (1) can be
rewritten as
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The maximum current ripple occurs at the speed at which the
back EMF is equal to half the dc bus voltage, and is inversely
proportional to the motor inductance and the inverter
switching frequency.
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(a) An equivalent circuit for the BLDC motor.
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(b) Motor terminal voltage and current waveforms
over a phase period of 2173 of the two active phases.

Fig. 2. Current ripple analysis for the brushless PM motor.
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Fig. 3. Current ripple vs. speed for a brussles DC motor having an inductance
of 37.5uH (Vdc=325V, fsw=20kHz).
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Fig. 4. Maximum current ripple vs. motor inductance for fsw=20 kHz.

A plot of current ripple as a percentage of the rated current
versus speed is given in Fig. 3 for a 30 kW PM motor having
a rated current of 110A and a phase leakage inductance of
Lm=37.54uH with the inverter switching at 20 kHz and a dc
bus voltage of V,;=325V. It shows that a standard inverter
with the most commonly used IGBT switching device will
produce an unacceptable maximum current ripple of 25% due
to the IGBT’s limited switching frequency, which must fall
below 20 kHz. This high frequency, high current ripple not
only causes additional motor losses but also requires that the
inverter be overrated to handle the high peak current.

Fig. 4 gives the calculated maximum current ripple as a
function of the motor inductance for fsw=20 kHz, Vdc=450 V
and 325 V. In EV/HEV applications, the inverter dc bus
voltage is expected to vary widely from 200 V to 450 V with
a nominal operating voltage of 325 V. It should also be

pointed out that ironless PM motors may have a leakage
inductance well below 10 pH. The figure indicates that the
maximum current ripple will exceed 5 % as the inductance
decreases below 200 UH with the traditional PWM inverters
employing IGBT switching devices.

For a given switching frequency, one can reduce the
current ripple by adding external inductors to increase the
inductance and/or modulating the dc link voltage. Because
inductors rated for high current are bulky and a large
inductance undesirably slows current control response, the
remaining way to reduce current ripple is to modulate the dc
link voltage according to the level of back EMF. Although a
step-down chopper may be used to regulate the dc voltage, it
requires an additional inductor.

The following section introduces a multilevel dc link
inverter for PM motors having very low inductance. The
proposed inverter can meet the strict current regulation by
modulating the inverter dc link voltage through dc voltage
level stepping and PWM control depending on the amplitude
of the back EMF.

III. PROPOSED MULTILEVEL INVERTER
A. Multilevel DC Link Inverter Topology

Fig. 5 shows the proposed inverter topology supplying a
PM motor, which consists of a multilevel dc source and a
standard bridge inverter. The dc source is formed by
connecting a number of cells in series with each cell having a
voltage source controlled by two switches. The two switches,
Sa and Sbh operate in a toggle fashion. The cell source is
bypassed with Sa on and Sb off or adds to the dc bus voltage
by reversing the switches. It is noticed that the source level of
each cell is not necessarily required to be equal. In fact, to
produce the same number of voltage levels the number of
cells can be reduced by properly choosing the voltage source
for each cell as discussed in [14].
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Fig. 5. Proposed n-level MLDC link inverter for BLDC motor drive.
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Fig. 7. An equivalent circuit and operating waveforms.

B. Operating Principle

Fig. 6 illustrates the operating principle. To control a PM
motor in BLDC mode, the bridge inverter is used only to
commutate the motor phase currents without doing PWM for
current regulation. The current regulation is accomplished by
the switches in the cells. For a given range of back EMF
defined by its minimum Ep.,y peakming and maximum
Epems peakmax)> @ portion of the cells are active but only one of
the cells performs PWM while the rest of the active cells
always add to the dc bus, as shown in Fig. 6. The sources of
the inactive cells are bypassed. This is important to keep the
current ripple down because the current ripple is proportional
to the differences between the dc bus voltage and back EMF
during the current rising period and the subsequent falling
period over each switching cycle. The required number of
active cells, £, is determined by

Epemf  peak(max) <k< Epemf  peak(min)
VS VS

where Vs is the source voltage of each cell. Since n cells
cover the full voltage range, it is obvious that 1<=k<=n and
that the number of active cells increases with motor speed. It
is also useful to rotate the active cells and the cell performing
PWM so that the same amount of average power is drawn
from each cell source [15].

Alternatively, for a given number of cells, the controllable
speed range is defined by

+1 4)

(k_l)VS‘ <N< kVS‘ (5)
Kbemf Kbemf

C. Current Ripple Analysis

The current ripple at steady state and continuous
conduction mode can be derived from the equivalent circuit
and the operating waveforms shown in Fig. 7 as follows.

I ) - szS ( _KbemfN)(KbemfN _k—l)
N AL, Sy W Kk

(6)

The maximum current ripple can be determined by

-V
Ly ripple(max) = m o
at _ 2k -1V,
2K bemf

From equations (3) and (7), the maximum current ripple is
reduced by a factor of V,/V, i.e. the number of cells. It is
worth noting that the motor terminal voltage Vm swings
between (k-1)Vs and kVs in the MLDCL inverter (Fig. 7)
while it swings between 0 and the full bus voltage Vdc in the
traditional PWM inverter (Fig. 2). Hence dv/dt can also be
reduced significantly with the MLDCL inverter.
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Fig. 8 gives the required number of voltage levels as a
function of the motor leakage inductance to keep the
maximum current ripple below 5 % for a maximum dc bus
voltage of 450 V and 325 V with the cell switches operating
at 20 kHz. Fig. 9 shows the corresponding maximum current

ripple.
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Fig. 8. Required number of levels for keeping the maximum current ripple
below 5% with fsw=20kHz.
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Fig. 9. Maximum current ripple for the selected number of levels
in Fig. 8 at fsw=20kHz.

D. Design Example

Given the maximum bus voltage of 325 V for the same PM
motor described in section II, the required number of voltage
levels is 5 to keep the current ripple below 5 %. The voltage
source of each cell, Vs, is thus 65 V. Fig. 10(a) shows a five-
level inverter, which employs power MOSFETs as the cell

switches since the cell voltage is low. The use of MOSFETS
provides an additional option for further ripple reduction and
that is to switch at frequency higher than 20 kHz. Fig. 10(b)
plots the calculated current ripple with the MLDCL inverter.
For comparison, the current ripple with the traditional
inverter is also plotted. The maximum current ripple is
reduced by a factor of 5 as expected.
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(b) Calculated motor current ripple.

Fig. 10. A5 level dc link inverter for BLPM motor drive. Cell Voltage (Vs):
65V, motor inductance (Lm): 37.5 pH, fsw=20kHz.
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IV. SIMULATION RESULTS

Detailed circuit simulation verified the analysis. Fig. 11
shows a comparison of motor current waveforms between the
traditional inverter and the proposed MLDCL inverter, where
both inverters are switching at 20 kHz. It shows a clear
reduction in the current ripple with the proposed inverter,
confirming the analysis. It should be noted that all cells are
utilized during mode transition, as can be seen from the dc
bus voltage waveform, Vbus, in (b) to help building-up the
incoming phase current, thus reducing the commutation
notches in the current.
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Fig. 11. Comparison of simulated motor current waveforms at 5000 rpm.

V. CONCLUSIONS

This paper introduces a new multilevel dc link inverter
topology for very low inductance PM motors operating in
brushless dc mode. Useful design equations are included.

The analysis and simulation results show that the proposed
inverter can dramatically reduce current and thus torque
ripples. Consequently, motor efficiency can be improved
because of the reduced copper and iron losses as a result of
the reduced current ripple.

The proposed MLDCL inverter can also be applied for
switched reluctance motor drives.

It is noted that other multilevel configurations such as the
diode clamped multilevel inverter can also be adapted for the
proposed topology, but they introduce a charge balance
difficulty among the cells.
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