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Abstract: The motor integration of singe-phase-supplied Variable-Speed Drives (VSDs) is prevented
by the significant volume, short lifetime, and operating temperature limit of the electrolytic capacitors
required to buffer the pulsating power grid. The DC-link energy storage requirement is eliminated by
using the kinetic energy of the motor as a buffer. The proposed concept is called the Motor-Integrated
Power Pulsation Buffer (MPPB), and a control technique and structure are detailed that meet the
requirements for nominal and faulted operation with a simple reconfiguration of existing controller
blocks. A 7.5 kW, motor-integrated hardware demonstrator validated the proposed MPPB concept and
loss models for a scroll compressor drive used in auxiliary railway applications. The MPPB drive with
a front-end CISPR 11/Class A EMI filter, PFC rectifier stage, and output-side inverter stage achieved
a power density of 0.91 kW L~! (15Win~3). The grid-to-motor-shaft efficiency exceeded 90% for all
loads over 5 kW or 66% of nominal load, with a worst-case loss penalty over a conventional system
of only 17%.

Keywords: single-phase; electrolytic capacitor-less; VSD; PFC operation; single-phase to three-phase
AC/AC converter; motor integration

1. Introduction

Mobility, transportation, and industrial systems are increasingly electric, from the
drivetrain to the auxiliaries, driven by improvements in battery performance and lifetime,
government and private mandates to reduce greenhouse gas emissions, and an improved
user experience. This electrification includes the traction systems in electric vehicles, but
the auxiliary systems must also be electrified with power-dense, efficient, and reliable
power conversion stages under unique operating conditions and constraints. In particular,
electromechanical systems—including pumps, compressors, and blowers—are required on
nearly every vehicle and require VSDs for efficient operation.

An on-board compressor system for the air brakes of railway vehicles was considered
here, as shown in Figure 1a. This oil-free scroll compressor [1]—selected for high pressure,
low noise, and long maintenance intervals (see [2] for a comparison of compressors)—was
used to charge the pressure tank that supplies the air brakes, pantograph, and other critical
loads driven by air pressure, necessitating ultra-high reliability. As such, the compressor
system is supplied from a tertiary traction transformer winding during normal operation
(“grid operation”), as is typical for auxiliary railway applications [3], and from an on-
board battery during startup or extended grid interruptions, with a reduced output power.
The key specifications for this particular application are given in Table 1. While, in this
work, the focus was on the single-phase to three-phase VSD power conversion system
for this particular application, the requirements for single-phase to three-phase variable-
speed conversion are quite general (e.g., a 10kW, 230 Vrms, single-phase VsD in [4], or a
single-phase to three-phase VSD with Power Factor Correction (PFC) operation in [5]).
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Figure 1. (a) Motor-integrated single-phase-supplied Variable-Speed Drive (VSD) system to drive the
compressor of an air brake system for railway vehicles. The system can be supplied either from the
tertiary winding (AC) of the traction transformer or an on-board battery (DC-supplied operation).
(b) Required converter input range, including reduced power for DC-supplied operation.

With a vsD system required to increase compressor performance [6], the application
needs a power electronics system to convert the single-phase AC—or DC, under battery
operation—input voltage into a symmetrical three-phase voltage system, where the magni-
tude and frequency can be adjusted to control the motor speed (and, accordingly, output
power). A three-phase Permanent Magnet Synchronous Motor (PMSM) was selected for
high torque, low weight, high efficiency, and compactness [7]. The vsD was designed for
9kW of output power (see Figure 1b), to meet the required 7.5 kW of mechanical output
power (Table 1) while accounting for system losses and acceleration, must comply with
CISPR 11/Class A [8], and must operate under unity power factor operation to minimize
harmonic distortion and reactive grid power [9].

Table 1. Key system specifications.

Air Flow Rate at Pressure

850 L min~!, 0.83 MPa

Nominal Speed (1) 3700 rpm

Nominal Mech. Power, Grid (P ) 7.5kW

Nominal Mech. Power, Batt. (Pypc n) 1.0kW

Nominal Grid Voltage (Vg n) 400 Vrms

Grid Voltage Range (V) 280 Vrms to 530 Vrms
Grid Frequency (fg) 50Hz

Battery Voltage Range (Vp) 70Vdc to 120 Vdc
EMI Standard (Input) CISPR 11/Class A [8]

Conventionally, these power conversion systems are realized with a two-stage sys-
tem [10] comprising a front-end PFC rectifier, an electrolytic DC-link capacitor to buffer
the power pulsation from the single-phase grid supply, and a VSD inverter to drive the
motor and compressor [11]. For auxiliary motor drive applications, though, efficiency is
not the primary concern—due to the low duty-cycle of operation—and the power density
should be maximized for the space- and weight-constrained mobility application. The
highest-power-density solution, in the end, is a motor-integrated drive system [12], which
eliminates expensive shielded cables [13] and cable reflections [14], which allows for higher
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slew rates of the inverter stage power semiconductor switching voltage transitions and /or
lower switching losses, exhibits better Electromagnetic Interference (EMI) behavior [12] from
integration in a single housing, and allows for combined cooling of the electronics and mo-
tor [15]. Motor-integrated VsDs, in sum, result in lower installation and operating costs, but
require the integration of all drive components—even the EMI input filter [16]. The require-
ment for electrolytic capacitors as the single-phase power buffer, though, prevents motor
integration, with the elevated operating temperatures [17] of the integrated converter (85 °C
to 105 °C) [18] degrading lifetime [19] and/or requiring substantial overdimensioning of
these large capacitors.

For the highly desired motor integration of the converter system for these single-
phase to three-phase drive applications, then, alternatives to the traditional two-stage
approach with an electrolytic capacitor are required. Solutions that synergistically employ
the components are considered first. Ultra-low-cost implementations use the grid voltage
effectively as one of the motor line-to-line voltages and employ four power MOSFETs
and a TRIAC [20], but do not allow a wider range of speed control. To utilize the motor
star point as one of the connecting points to the single-phase grid, the motor leakage
inductance may be utilized as a boost inductor [21], but this results in unacceptably high
voltage stresses (twice the grid peak voltage) for this application, which already features a
high-grid-input voltage. The same issue occurs in a low-cost implementation that employs
a front-end PFC rectifier with only one bridge-leg and a split DC-link [22]. Coupled power
electronics (rectifier to inverter) approaches, such as Z-source-based concepts [23] or matrix
converters [24], typically feature an (integrated) active buffer for power decoupling [25], a
basic requirement since the matrix converter does not include energy storage [26], which
drives the complexity and high component stresses. Current-source structures [27], in the
end, only replace the boost inductor with a DC-link inductor (since voltage-source inverters
do not require an output filter here) while requiring bidirectional switches, and therefore
do not improve the potential for integration. The synergistic approaches, then, do not
hold the promise of eliminating the large energy storage components required to buffer
the single-phase power pulsation—and if they do start to alleviate the requirement, the
penalties appear unacceptably high.

Accordingly, this work proposes to use the motor (and load) inertia as a power buffer,
eliminating the need for power buffering in the DC-link capacitors, an approach called
the MPPB and introduced in [28]. A conventional two-stage structure was utilized, with a
single-phase front-end PFC rectifier and a three-phase VsD inverter, with the power flow
for a conventional system and the MPPB system shown in Figure 2a. Although particular
rectifier and inverter topologies were selected and demonstrated here, the findings are
applicable to any specific implementation of the rectifier and inverter.

The MPPB concept was previously proposed with the PFC rectifier omitted and the
inverter stage directly supplied from a single-phase-grid diode bridge rectifier [29]. This
concept results in a rectifier sine wave voltage at the DC-link, so the input current is only
sinusoidal if the motor voltage stays below the rectified input voltage [30]. This concept,
then, is limited to motors with a low back Electromotive Force (EMF) and/or applications
where a large speed variation is acceptable—but in both cases, a unity power factor cannot
be achieved. In [31], a solution to this problem was proposed, where a reactive current
component was injected into the motor to keep the back EMF of the motor below the input
voltage. Here, the PFC rectifier can indeed be omitted, but the small motor inductance leads
to large motor currents and excessive losses. With this constraint and the large fluctuating
DC-link voltage, which increase the system complexity, applications for this approach
are restricted to drive systems with special low-voltage motors that do not operate at
common voltages.
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Figure 2. (a) Circuit diagram of the selected converter implementation, with a single-phase boost-type
totem-pole PFC rectifier to achieve a sinusoidal input current and a conventional two-level three-phase
variable-speed inverter that enable the speed control of the associated PMSM. The two converter
stages are high-frequencywise, decoupled by a DC-link capacitor Cpc. The power flow is indicated
with arrows. (b—e) Characteristic voltage, current, speed, torque, and power waveforms (d.i,e.i)
for conventional operation with an electrolytic capacitor Cpc, which buffers the pulsating power
drawn from the grid and (d.ii,e.ii) for the proposed MPPB concept, where the input power pulsation
is buffered by the inertia of the motor and no electrolytic capacitor is needed. f,; denominates the
inner motor torque. In DC-supplied operation, the battery is connected to the input terminals x and y.
© 2018 IEEE. Adapted, with permission, from [28].

In this work, a single-phase-supplied electrolytic-less VSD system with dedicated
rectifier and inverter stages that realizes a high lifetime and reduced volume for motor
integration is designed, modeled, and implemented. In Section 2, the rectifier and inverter
topologies are selected, introduced, and evaluated with the concept and control of the
novel proposed MPPB approach to eliminate electrolytic capacitors. In this section, the oper-
ational limits for the proposed approach are evaluated for different load cases. The novel
control concept for MPPB operation is derived and explained in detail, with verification
based on circuit simulation, and finally, the phase currents are investigated in detail to
compare the performance of the novel MPPB approach to a conventional system. Section 3
details the implementation of the motor-integrated drive system with volume and loss
distributions, including showcasing the motor integration that is uniquely enabled by
the novel, proposed MPPB approach. Section 4 verifies the system operation in the time
domain for the steady-state and transients, loss models across the full torque range, and
EMI requirements and compares the system losses between the MPPB and conventional
systems. In Section 5, the extended functionality required for the considered application is
demonstrated, including ride-through and battery-supplied operation. The novel control
structure can also be employed for DC-supply operation with a single structure that sim-
plifies the implementation and maintenance effort of the system. Section 6 concludes and
summarizes the MPPB approach and results of the work, with Appendices that specifically
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investigate low-speed operation in the context of the proposed approach (Appendix A),
controller design and future enhancements (Appendix B) to reduce the DC-link voltage
ripple (including novel feedforward terms), and the detailed phase currents under MPPB
operation (Appendix C).

2. Topology Selection and Proposed MPPB Concept and Control
2.1. Topology

Although the proposed MPPB concept is applicable to a broad range of inverter and
rectifier topologies, a particular configuration for the demonstration was selected in this
paper to explain and, later, showcase the MPPB concept. Conventional systems in these
applications utilize a two-stage design with a single-phase PFC rectifier, a large low- and
high-frequency-decoupling DC-link capacitor, and a three-phase VsD inverter. A similar
two-stage topology was desired here for a straightforward comparison and implementation
of the MPPB concept relative to the state-of-the-art.

A single-phase PFC rectifier can be implemented with multiple topologies, components,
and control schemes, and these options were reviewed extensively in [32]. A unidirectional
boost PFC rectifier with a diode bridge, boost inductor, and transistor and diode pair
is widely used for simplicity and low-cost [33]; here, instead, a totem-pole PFC with an
unfolder bridge-leg (see Figure 2a) was selected to improve the performance by avoiding
the diode conduction losses [34]. While Zero-Voltage Switching (zvs) triangular-current-
mode schemes could further reduce the semiconductor switching losses [35], a simple
Pulse-Width-Modulation (PWM) scheme with a constant switching frequency is preferred
for the simplicity of interleaving and operation across a wide AC input voltage range (see
Figure 1b). Finally, with a DC-link voltage above 750 V (the peak voltage of the maximum
grid voltage), 1200 V power semiconductors must be used, and Silicon Carbide (siC) Metal
Oxide Semiconductor Field Effect Transistors (MOSFETs) were chosen over Insulated Gate
Bipolar Transistors (IGBTs) for the lower loss characteristics.

Similarly, a straightforward two-level, three-phase inverter utilizing SiC MOSFETs and
directly connected to the motor [36] was selected for the power topology. With SiC MOSFETs
and no output filter, a voltage slew rate limitation was required to prevent motor insulating
aging [37], with the options and tradeoffs for this slew rate value and implementation
highlighted in [38].

The resulting structure with the indicated power flow is shown in Figure 2a, with the
grid and rectifier input waveforms under conventional operation shown in Figure 2b,c
(see [34] for a more detailed explanation). This structure also supports the necessary DC-
input operation, with the battery terminals directly connected to x and y. In this mode, the
PFC rectifier operates as a conventional DC/DC boost converter.

2.2. MPPB Concept

At the single-phase grid input, the unity power factor operation dictates that the drive
system behaves as an ohmic load with a sinusoidal input current ig(t) = Ig cos(27fgt) in
phase with the grid voltage vg(t) = Vg cos(27fGt), as shown in Figure 2b. The instanta-
neous input power, however, varies as:

pa(t) = vg(t)ig(t) = Py + pg(t), 1

with Py = Vglg/2 (see Figure 2c). A lossless system implies that pg(t) = pprc(t) and
pm(t) = pinv(t), and an instantaneous power balance results in:

pa(t) = pc(t) + pum(t). @

Thus, the twice-grid-frequency pulsation g (t) = Py cos(27t fpt) with fp = 2fg is then
forwarded to the DC-link capacitor Cpc, under conventional operation, or, under the
proposed MPPB approach, through the DC-link and the inverter to the motor.
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2.2.1. Conventional Operation with an Electrolytic Capacitor

First, system operation with a conventional approach, utilizing a large electrolytic
capacitor at the DC-link, is outlined. The waveforms are shown in Figure 2(d.i),(e.i) for
each stage.

Under constant speed w(t) = @ and constant torque f\;(t) = T operation, the motor
power is constant (pyp(t) = w(t) tm(t) = pinv () = Py), as shown in Figure 2(e.i). With
this constant power Py and the twice-line-frequency power pulsation, from the grid input,
a large intermediate DC-link capacitor Cpc was used to cover the active power mismatch
between the two stages, where the instantaneous capacitor power is:

pc(t) = pa(t) — pm(t) = pc(t) = Pycos(27tfpt) 3)

and the average capacitor power is zero, Pc = pc(t) = 0W, as it must be for the periodic
steady-state (see Figure 2(d.i)).

With a nearly constant DC-link voltage vpc(t) ~ opc and under the power balance
of the capacitor pc(t) = vpc(t) ic(t), the capacitor current must have an approximately
sinusoidal waveform ic ~ pg(t)/9pc with amplitude Ic ~ Py/3pc. This capacitor current
causes a voltage ripple with amplitude Avpc, which is typically limited to a certain per-
centage of the DC-link voltage vpc to provide a nearly constant voltage (as previously
assumed) to the inverter. The required capacitance value Cpc is:

_ i #
27 fp OpcAvpc’

Cpc )
and for this application, a value in the mF range is required. This large capacitance value is,
therefore, typically realized with electrolytic capacitors. The capacitor current, in addition
to causing the voltage ripple, also results in a low-frequency Root Mean Square (RMS)
current stress of the capacitor of Ic 1 prms = Ic/V2 = Py/opc1/V2.

For the nominal operating point of fg = 50Hz, pc = 650V (see Table 2), Py = 8kW,
and a selected Avpc = 20V (see Figure 2(d.i)), the required capacitance is Cpc = 0.98 mF
with a current stress of Ic1prms = 8.7 A. This DC-link capacitance can be realized with
four 1 mF capacitors B43742A6108M000 [39] (rated for 500 V and 4.9 A at 105 °C), which
are connected in a 2 x 2 array. This DC-link capacitor alone corresponds to a box volume
of 1L (61in3) and 6 W of losses before including the PFC and vsD high-frequency currents.
This large—and required—electrolytic DC-link capacitor is a major limitation for power
density, motor integration, and converter lifetime [40].

Table 2. Nominal operating point.

Nominal Speed (ny) 3700 rpm
Nominal Mech. Power, Grid (Py ) 75kW
Nominal Grid Voltage (Vg N) 400 Vrms
Grid Frequency (fg) 50Hz
DC-Link Voltage (Vpc) 650 Vdc

To overcome these limitations, alternate capacitor-based Power Pulsation Buffer (PPB)
buffer concepts have been proposed in the literature [41]. These circuits all contain an
active switching stage and a buffer capacitor stage [42] (often separate, in series [43],
or in parallel [44], from the existing DC-link capacitor) with a capacitor cycled with a
large voltage ripple Avc. With a larger voltage ripple, the required capacitance value is
much smaller (according to Equation (4)) and enables foil- or ceramic-based capacitor
implementations, but the additional active switching stages incur significant realization
effort, complexity, and cost for the overall drive system.
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2.2.2. Motor Power Pulsation Buffer Concept

Rather than adding complexity to the drive system’s electronics, the pulsating power
component pg can be removed from the converter system by enforcing pc(f) = 0W,
rather than only enforcing the periodic steady-state condition pc(t) = 0W. This con-
dition is shown in Figure 2(d.ii). With this constraint and the power balance of Equa-
tion (2), the only possible result is to forward to complete the input power through
the DC-link and the inverter to the motor [28]. The motor, then, is no longer op-
erated with a constant output power, but with the pulsating grid power itself as
pm(t) = w(t) tu(t) = pg = Po[l + cos(27fpt)].

Due to the motor inertia [\ (and any additional load inertia), the speed w changes
slowly (w(t) ~ @), resulting in a pulsating torque t\1(t) ~ pg(t)/@ at twice the grid fre-
quency (Figure 2(e.ii)). When the instantaneous input power is larger than the average
power, positive torque is applied to the inertia, and the rotating mass is accelerated (speed
increases), with the excessive power stored as an increase in kinetic energy exin = Tmw? /2.
In the other part of the mains period, when the input power drops below the average
power, negative torque is applied and the rotating mass is decelerated. This causes a
pulsating rotational speed w(t) with an average @, analogous to the DC-link voltage in
the conventional system, where the amplitude of the speed ripple Aw is (and recalling
Py = wTy, where Ty, is the load torque):

1Rk 1T
2rfp @lv 27fp M

This concept buffers the pulsating power in the inertia of the motor, an approach called
the Motor-Integrated Power Pulsation Buffer. The basic operation is similar to the working
principle of conventional single-phase motors [45], although with the VSD capabilities
required here and for most modern motors.

Another way to conceive of the approach, then, is that the motor acts as both a
drive and a flywheel, which are used independently for peak power reduction in traction
systems [46], peak power supply within railway grids [47], smoothing of the output power
of renewable power sources such as wind power [48], or within dynamic voltage restor-
ers [49]. Because low-speed motors have a large moment of inertia [y and high-speed
motors have high rotational speeds w, the stored kinetic energy of the mechanical sys-
tem is typically orders of magnitude larger than the required energy to buffer the electric
power pulsation at the input, leading to a very small variation in the rotational speed
w around its average value @ (for Jr according to Table 3, Aw = 7.3rad/s = 70 rpm or
1.9%). Analogous to the capacitor current, though—although here with a DC offset of the
average torque—the MPPB concept results in a large twice-line-frequency variation in the
mechanical torque between zero and twice the average torque value. The MPPB concept
offers a fundamental simplicity with the potential to significantly reduce or, theoretically,
even eliminate the DC-link capacitor as the energy storage.

In Equation (5), a linear relationship between the speed ripple amplitude Aw and the
load torque Ti, is observed, and the validity of the MPPB concept across the complete range
of motor speeds must be investigated. Under variable speed operation, the load torque
may also depend on the current speed based on the load torque speed characteristic. This
relationship is defined around the nominal load torque Ti n at a nominal average speed

Aw

©)

wn, with an exponential dependence between torque and speed as Ty, = Ty n(@/ wN)k.
The speed ripple under the MPPB operation can then be defined as:

1 T
Aw = L'l\;c k. 6)
zan ]MWN

For k > 1, which includes fans, blowers, or centrifugal pumps (k = 2), the load torque
and speed ripple grow faster than the average speed (Aw o« @?), so the worst-case ripple in
both absolute and relative terms occurs at the nominal speed and nominal torque operating
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point. For k = 1, the ripple amplitude scales linearly with speed (Aw « @), resulting in
a constant relative ripple. It is important to point out that in both cases, i.e., for k > 1,
the speed ripple will be much less than the average speed (Aw << @) at all operating
points—including speeds close to zero—if the condition is met at the nominal operating
point, and the time-varying speed is defined as w(t) ~ @.

For applications where 0 < k < 1, however, the absolute speed ripple grows slower
than the average speed (Aw « @). This may occur for a constant torque load Ty (the
k = 0 condition), for which an application could be a compressor with constant back
pressure [50]—the use case considered in this paper. In this case, the absolute speed
ripple amplitude is in a first approximation (see Equation (6)) independent of the speed
and constant. This condition results in a lower limit on the average speed, since an
instantaneous negative speed needs to be prevented for the MPPB operation (to avoid a
transfer of energy from the motor to the DC-link). To a first approximation, this implies a
lower absolute speed limit of @ — Aw = Orad/s and a lower speed limit for continuous
operation of Wmin ~ Aw (this limit does not apply to transient operation). In the vicinity of
Wmin, however, the approximation w(t) ~ @ is no longer valid. Therefore, this lower speed
limit is investigated in detail in Appendix A.

2.3. Control

Relative to the conventional control technique for a two-stage system, the MPPB control
can be realized with identical high-frequency current control and a modification of only
the coupling in the top-level structure between the PFC rectifier and the inverter. Therefore,
the control structure of a conventional system is detailed first before moving to the needed
modifications for the MPPB technique.

2.3.1. Conventional Control Overview

In conventional single-phase-supplied VSD systems, the PFC rectifier and the inverter
stage are decoupled from one another by the large intermediate DC-link capacitor. The
control structures are also mostly decoupled, as shown in Figure 3a.

0 T

_ DC-Link Volt. o = ‘
DC Control +7 Control | Sun Control Control | o Sox
7 Py 4 _
DC Ve w v
G G
0 T, ~2 0 T 2
MAF| Fv 205 ¢ IMAF|Faw 205
t 2 v 4 I
DC Pc AL
0 T 0 T, =
P J
w Speed Py’ Py’ = IMq* Motor Cur. :: Z" A DC-Link Volt. PC*+, pM*m iMq* Motor Cur. :: Z“
Control i Control b De Control — i Control b
> dc - dc
, L ] -
3 DC 3
. 2" )

(2) ‘ ()

Figure 3. Simplified control structure of (a) a conventional implementation of a single-phase-supplied
VSD with an electrolytic capacitor and (b) the proposed MPPB concept without an electrolytic capacitor.
Feedforward signals improve the control quality and are highlighted in green, with characteristic
waveforms over one grid period shown adjacent to the relevant control signals. © 2018 IEEE. Adapted,
with permission, from [28].

The PFC rectifier control provides a constant DC-link voltage while drawing a sinu-
soidal current from the grid. Firstly, the power-pulsation-associated voltage ripple in the
measured signal is eliminated, either by a Moving-Average Filter (MAF) [51] (shown here)
or a conventional low-pass filter. The output of this filter, the obtained average value pc,
is then compared to the reference V}-, and the DC-link voltage control derives the average
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capacitor power PZ, which can be taken as the average grid power P, and is then used to
generate the input current reference if; for the grid current controller [52]. This results in
the duty-cycle for the boost stage dg and the corresponding switching state of the unfolder
leg SUN-

The task of the inverter control is to track the speed reference w*, a target that is
typically accomplished with a control structure in the dg-coordinate system [53]. The speed
control results in the reference motor torque Ty, or as shown here, in the reference motor
power Py; = w*Ty;. Considering a rotor field-oriented control in a rotating dq-reference
frame [54], this request can be translated to the torque-generating current Iy, q by the torque
constant kt or, based on the power balance Py, = 3Vp1ﬂ‘/[q/ 2, where Vp is the induced
voltage (assumed proportional to the reference speed and aligned with the g-axis), and the
dg-quantities correspond to the phase amplitudes. The motor current control, in the end,
determines the duty-cycles d,, dj, and d. of the inverter switching stages.

In the conventional approach, the DC-link capacitor compensates the difference of
the instantaneous grid power pg(t) and motor power Py, so only the average power of
the grid Pg and the inverter Py have to be equal. To achieve this, the conventional control
structure typically employs a feedforward of the average motor power Fy;, where the
inverter stage directly informs the rectifier stage about the needed output power (Figure 3a)
and thus improves the control performance of the PFC rectifier. For PFC operation, P is not
allowed to vary within a grid period T, which requires a slow DC-link voltage control and
a bandwidth-limited feedforward (or this could be achieved with an additional low-pass
filter, which is not shown here).

2.3.2. MPPB Control Overview

For the proposed MPPB control structure, the average grid power Pg must still match
the average motor power Py, as Pg = Py = Pp. Here, though, the power pulsation is
buffered by the motor inertia, causing a (small) speed ripple that should be eliminated in the
signal measurement, as the DC-link voltage ripple was in the conventional control scheme.

The speed controller, then—which drives the required average motor power Py, from
the difference between the reference speed w* and average speed w—defines the grid
power Py = P& and, therefore, the grid current i (see Figure 3b). Again, P’ must be
bandwidth limited (here, slow speed control) to prevent a distortion of the grid current.

The instantaneous input power p&, = vgif; is derived and feed-forwarded to the motor
control, resulting in the time-varying q-current if{,[q, which causes the torque pulsation.
Here, though, a stable DC-link voltage vpc must be ensured, and the DC-link voltage
control block achieves this by deriving the instantaneous reference power p¢. from the
reference value V[ and the unfiltered measurement vpc.

According to the power balance Equation (2), this quantity is then subtracted for the
instantaneous motor power request:

pu(t) = pG(t) — pe(t). ?)

The elegance of the MPPB approach, then, is the utilization of identical control blocks
that are simply connected in a different configuration. The MPPB control, then, can be
implemented with only software modifications and could even be retrofitted into exist-
ing deployments.

2.3.3. MPPB Control Details

In the proposed approach, the primary challenge is that the speed control defines
the average grid power, but the inverter must ensure that the instantaneous input power
is forwarded to the motor; otherwise, with a small DC-link capacitance, the difference
could charge the DC-link capacitor rapidly and lead to catastrophic failures. To address
this critical challenge and highlight the other details of the MPPB control technique, the
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simplified control structure of Figure 3b is extended and shown together with the power
topology in Figure 4.

To achieve a high quality for both the power and current alongside a high dynamic
control at the output, the control structures were realized in a cascaded fashion. The outer
loops for speed and DC-link voltage control provide the current setpoints for the grid
and motor current control inner loops, with the motor current control implemented in the
dg-coordinate system [53] using the mechanical rotor angle € [54] provided by the encoder
of the PMSM.

This encoder angle is also used to derive the instantaneous speed w, shown at the
bottom of Figure 4, which is then filtered by a MAF [51] with T\ar = Tp = T /2 to eliminate
the speed ripple in the measured signal. Inside the speed control block, @ is compared to
the reference w*, and the speed controller Rw derives the reference average motor torque
Ty, which results in the reference average motor power Py = Tyw™ and the average grid
power as P§ = Py

VG - x(')fVG» y
® e &
A VG Ly
Speed Control 276 Iy g u
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Figure 4. Control structure of Figure 3b with full implementation details, indicating the cascaded
controller blocks, the dg-coordinate motor current control, and all required measurements. The
addition of an inductor voltage feedforward term is described in Appendix B. © 2018 IEEE. Adapted,
with permission, from [28].

The grid current controller requires the grid current reference as an input, which
is translated from P¢; using the power balance of the grid I, = 2P%/ V. This result is
then limited to a maximum current amplitude Igmax, Which is the minimum of (a) the
maximum rectifier input current and (b) the current amplitude that corresponds to the
power the inverter can deliver to the motor (the sum of the instantaneous mechanical
output power and the system losses). The instantaneous grid current request, then, results
from i, = vg fé / Vg and equals the inductor current as if = ig. The grid current controller
RiL compares the requested current to the measured inductor current, adds the the resulting
boost inductor voltage v]  to the measured terminal voltage vg, and translates this sum to
the boost duty-cycle dg and the switching state of the unfolder Syy. For interleaved boost
bridge-legs, an additional balancer control unit would need to be included [55].

The power feedforward term p¢, = vgif to the motor current control block, subse-
quently, is derived from the measured terminal voltage vg and the reference grid current
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i This feedforward term significantly reduces the control effort of the DC-link voltage
controller, where the capacitor power request p¢. is derived from the DC-link voltage ref-
erence V- and the measured and unfiltered DC-link voltage vpc. The reference motor
power py,, the input to the motor current controller, results then from Equation (7).

The motor current controller, here, avoids field weakening [56] for simplicity; therefore,
ixq = O Alis selected, and the produced torque is only proportional to the g-current iyjq. The
motor power balance results in py; = BUSqu’(/Iq/ 2 asiyy = 0A, with v =W = p¥rmw*
as the induced voltage, which is dependent on the speed, the number of pole pairs p, and
the permanent magnet flux ¥py; (or, more conventionally, the product of the latter two, the
motor constant ky = Vp/w* = p¥pm).

Inside the motor current controller, the current setpoints iy, = 0 A and iy, are com-
pared to the the instantaneous current values iyg and inq, which are derived from the phase
current measurements by the Park transform. The current controllers Rid and Riq then
derive the reference motor inner inductor voltages v} 4 and vl’iq, which are translated to the
inverter duty-cycles d,, dp,, and d. after including the motor voltage feedforward Vp and the
decoupling terms vpgq = —prqu/Iq and vpq = wpLyiyy (Which depend on the reference
currents and the motor inductances Lgq and Lq) for the required motor voltages vy;q and
OmMq- The motor current control supports the inclusion of an additional Common-Mode (CM)
voltage component for overmodulation [57], if desired.

2.3.4. Simulation Results

With the concept and the detailed control structure for the proposed MPPB concept each
outlined, the approach was verified through simulation for the nominal operating point of
Table 2. The circuit parameters of Table 3 were used, highlighting especially that only 60 pF
of the DC-link capacitance is required for an 8 kW system. The controller design for the
simulation (and later, for the implementation) is described in further detail in Appendix B.

The corresponding waveforms at a mechanical output power of 7.5 kW and 3700 rpm
are shown in Figure 5, where the grid current i is in phase with the grid voltage vg for unity
power factor operation and the product of the grid current and grid voltage resulting in
pulsating input power, translated to a torque pulsation. The torque fy pulsated, as expected,
around the average of Ty, = 19.4Nm. When t\;(t) > Ti, the motor speed increased, and
when ty((t) < Ti, the motor speed decreased, resulting here in a symmetric speed ripple
amplitude of An = £61 rpm around the average of 3700 rpm. The DC-link voltage contains
a low-frequency peak-to-peak ripple of around 34 Vpkpk, a direct consequence of the
limited control bandwidth of the DC-link voltage control and a limitation that can be
addressed through the improvements discussed in Appendix B. Overall, the simulation
results verified the correct and expected operation, and next, the performance of the MPPB-
operated system was evaluated.

2.4. Performance Evaluation

Aside from the significant reduction in required DC-link capacitance, the MPPB concept
has no effect on the performance of the PFC rectifier or on the performance of the EMI filter.
The effect of the proposed concept can be analyzed on only the motor and the inverter, then
starting with the time-domain impact and subsequently moving to an analysis of the losses.

2.4.1. Time-Domain Waveforms

Under conventional operation, the magnitude of the g-current is given by
Iyo = 2Py/ (3Vp), and thus, ipq(t) = 0A and ivg(t) = Ivo- The phase currents are de-
rived using the inverse Park transform [54] with e = p@wt + €p:

iMa cos(¢) n(e) ;
i | = | cos(e—25) — sm( - %) [ faa } ®)
iMe cos (e + 27") —sin(e+ T”) Mgq
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This results in three purely sinusoidal and symmetrical phase currents, each with the
peak value Iyj, as shown in Figure 6a. These phase currents are evaluated—and later,
compared to the same values under MPPB operation—Dby the absolute average current
IpHoavg, the RMS value Ipporms, and the peak current Ippopk as (with T the minimum period
of the signal):

1 /T 2
I _ - / ivga (T)]dT = 21 9
PHOavg T Jo |Ma( )| P MO )
1 /T 1
Ipo = */ i (T)dt = —Ivo (10)
rms T Jo Ma \6
Ipgopk = max ipa(t) = Ivio- (11)
800 o
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Figure 5. Simulated waveforms of the grid voltage vg, grid current ig, motor torque ty, rotational
speed 1, and DC-link voltage vpc during steady-state, nominal operation, verifying the proposed
MPPB concept and control structure. © 2018 IEEE. Adapted, with permission, from [28].

To analyze the proposed MPPB operation, constant speed (with w(t) ~ @) was assumed,
which resulted in a constant induced voltage Vp = kyw ~ ky@, and the instantaneous
q-current was inq(t) = 2pm(t)/ (3Vp). Using pm(t) = Po[1 + cos(27tfpt)], the g-current
proportional relationship to the instantaneous torque is:

iMq(t) = Ivo[1 + cos(27fpt)] o typ(t), (12)

where the magnitude Iy is the same as under conventional operation.
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Figure 6. Phase currents iya, imp, and v and the enveloping currents +iyyq for the (a) conventional
and (b) MPPB operation for fp = 100Hz and p@/(27r) = 120Hz. (c) Spectral decomposition of the
first phase current iy, under MPPB operation. © 2018 IEEE. Adapted, with permission, from [28].

Because the g-current is now, under MPPB operation, pulsating at twice line frequency,
the phase currents iy, ivp and iy into the motor are no longer purely sinusoidal. These
phase currents were found by applying the inverse Park transform to the g-current and
are shown in Figure 6b for fp = 100Hz and p@w = 271120 Hz. The phase current, more

precisely, is then injg = —iMg sin(p@t + &), or:
iMa(t) = —Ivosin(pwt + €p) (13)
~ Imo

- [sin(p@t + 27 fpt + €g) + sin(pwt — 27 fpt + €9)].

In addition to the fundamental pw frequency, the phase currents now contain two
additional harmonic components at the frequencies |pw + 271 fp| and |p@ — 27 fp| with
amplitude Iyg/2, as shown with the spectral decomposition of the phase current for phase
a in Figure 6c¢. For certain frequency ratios, these individual sines may collapse into a single
frequency, become DC components, or even result in standing waves and an asymmetric
phase stress. The precise effect of different frequency ratios is discussed in Appendix C,
with the result that such effects occur only in the vicinity of certain speed values @, which
are all below or equal to the angular pulsation frequency wp = 27 fp, and the assumption
|pw| > wp was used for the remaining analysis here.

Only the sinusoid with frequency p@ is phase aligned with the induced voltage of
the corresponding phase, and therefore, only this component generates average torque
to drive the load. Because this component is not influenced by the pulsating q-current,
there is, as expected, no degradation in the mechanical average torque—but the additional
components do increase current stress in the inverter and motor. The RMS current stress
was calculated by a superposition of the purely sinusoidal waveforms, with a 1/3/2 factor
increase in RMS current. The average current remains unchanged while the peak current
doubles as a result of the pulsating q-current. This large increase in peak current has a
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limited effect on the iron in the motor, since motors are typically designed in the thermal
(rather than the saturation) limit and the flux is primarily defined by the permanent magnet
Ypm. The key current equations are summarized below, and the relative increase of each
current is shown in Figure 7a.

1 /T . 2
IpHavg = f/o lima (T)|dT = —Ivo (14)
1 /T, 1 3
Iprrms =4/ f/o o (T)dT = ﬁ\/;IMO (15)
Ipppk = max ipa(t) = 2Dy (16)

With the key current ratios defined, the relative inverter and motor losses between
conventional and MPPB operation were analyzed.

A Tptiavg Tptirms Tpripk 1 Pyy Pryiignt Pryige Pryigei
2 /T Iyo /N2 Ivio Pymo Pryigignt Pyiogeri Pyiogesi
0,
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100% +0% 100% +0%
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Figure 7. Comparison of (a) loss characteristic currents and (b) losses under conventional and MPPB
operation at the nominal operating point. The loss penalty of the MPPB is evaluated for three inverter
realizations: IGBT-based (Pyjigpt), MOSFET-based with external Miller capacitors to limit the dupg/dt
of the switching transitions (Pyyfet;), and MOSFET-based with the explicit LC output filter stage
designed for the dv/dt-limitation of the voltage applied to the motor terminals [58] or full-sine-wave
output voltage shaping (Pyrfet ii)-

2.4.2. Motor Loss Analysis

The motor losses Py include both speed-dependent no-load losses Pyy, and load-
dependent conduction losses Pypjcond = 3Rs I%Hrms, with R; as the stator winding resistance.
The motor losses under conventional operation Pyyp and under the proposed MPPB
operation Py are:

3

Pymo = PVMn1+§RsI1%/[o (17)
9

Pt = Pyt + 5 Rl (18)

where the MPPB operation incurs a 50% loss increase in conduction losses due to the increase
in the RMS current. If an equal loss distribution between the no-load losses and the load-
dependent conduction losses at the nominal operation point is assumed, which is typically
close to an optimum design, MPPB operation incurs a motor loss penalty of only 25%. This
loss ratio, along with the inverter loss ratios of the next section, is shown in Figure 7b.

2.4.3. Inverter Loss Analysis

The inverter semiconductor losses Py; comprise conduction Pyj.onq and switching
losses Pysw- The conduction losses are, most generally, written as Pyicond = 3VlpHavg +
3Ron IIZ,HrmS, where V; is the on-state voltage drop and Ry, is the (differential) on-resistance.
The switching losses are written with a quadratic loss function egy (i) = ko + k17 + koi? [59],
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which leads to Pyisw = 3fisw (ko + k1 IpHavg + kZIIZ)HrmS) with the inverter switching fre-
quency fisw. A quick review of these equations shows that the MPPB concept would only
affect the ohmic part of the conduction losses and the quadratic part of the switching losses,
both with an increase of 50%, through the increase in the RMS current.

If the semiconductors are implemented as IGBTs, conduction losses are given—to a first
approximation—by the on-state voltage drop, and the switching losses can be approximated
by the linear part alone. For an IGBT-implemented inverter, then, the inverter losses are
identical between conventional (Pyjoigpt) and MPPB operation (Pyrigpt):

6 2
Pyioigot = — Vilmo + 3fisw EkllMO = Pyligpt- 19)

IGBTs, however, suffer from high overall losses [60], and inverters with SiC MOSFET-
based bridge-legs and a dvpg/dt limitation should be considered as well.

For a siC MOSFET-based bridge-leg and external Miller capacitors to limit the voltage
slew rate, the conduction losses can be considered ohmic, and the switching losses are
described well by the constant and linear part [61], for inverter losses under conventional
(Pyrofet i) and MPPB operation (Pyrget i), as:

3 2

Pyiogeti = §R0n11%/10 + 3 fisw (ko + ;kl 1M0> (20)
9 2

PVIfet,i - ZROHII%/IO + 3fIsw (kO + Ekl IMO) . (21)

The motor acts as a resistive-inductive load with a reactive power demand and,
therefore, requires a current commutation path for the freewheeling current. The high
voltage drop of the body diode of the utilized SiC MOSFETs is typically overcome with an
anti-parallel siC Schottky diode, but the MOSFET itself can also be utilized as a synchronous
rectifier. In this case, the freewheeling diode only conducts during the dead time, and the
additional losses from the body diode conduction can be neglected (this assumption was
extensively analyzed in [62] and verified in Section 3). In this context, it should be also
mentioned that early high-voltage SiC MOSFETs were associated with bipolar degradation
on their intrinsic body diodes [63], but this problem has been solved for state-of-the-art
1.2 kV devices [64].

Conduction losses increase by 50% under the proposed MPPB operation. If each loss
contribution (conduction, constant switching losses, and current-dependent switching
losses) is assumed to be 1/3 of the overall inverter losses [61] at nominal operation, the
inverter loss penalty is around 17% for MPPB operation with a SiC MOSFET-based bridge-leg
and external Miller capacitors to limit the voltage slew rate.

Finally, a realization with a hard-switching SiC MOSFET-based bridge-leg with an LC
output filter designed for a dv/d¢-limitation of the voltage applied to the motor termi-
nals [58] or full-sine-wave output voltage shaping was analyzed. The doubling of the peak
current will negatively impact the performance of the filter inductor. Here, conduction
losses remain ohmic and the switching losses contain all of the terms, for conventional
(Pyrofet i) and MPPB inverter losses (Pyyge ji) of:

3 2 1
Pyiogetii = ERonlf/m + 3fisw (ko + ;kl Ivo + zkzlf/[o) (22)
Potersi = o Renl2+3 Ko+ 2ky 1 312 23
Viketii = yRonlypo + Frsw o+ —kilmo + ghalyp |- (23)

If an equal loss contribution is assumed for all four loss components (conduction
losses and the three switching loss terms) at nominal operation, MPPB operation carries
a 25% loss penalty over conventional operation for the inverter, similar to the penalty in
the motor.
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A summary of these inverter loss penalties for different bridge-leg implementations is
shown in Figure 7b, where, although the MPPB concept increases the conduction losses by
50%, the maximum total loss penalty is 25%—while realizing a potential volume reduction
of up to 1L (or 61in>) by eliminating the DC-link electrolytic capacitors.

3. System Design and Implementation

With the power density improvements—and the possibility of motor integration—of
the MPPB-operated system attractive, the system proposed in Figure 2a was next designed
and implemented. This hardware demonstrator allows a direct comparison between
conventional and MPPB systems on the volume and loss distributions. The motor-integrated
converter system is the focus of this section, with brief guidelines given for motor selection
and PFC rectifier and inverter designs.

3.1. Motor Selection and Characterization

With the output power Py = 7.5kW and speed requirements ny = 3700 rpm lead-
ing to a torque specification of Ty Ny = 19.4Nm, the 1FT7-084 from Siemens [65] was
selected.

Atnominal operation ny = 3700 rpm, the motor frequency with p = 5is pwn = 27w308 Hz,
which is sufficiently above fp = 100 Hz to guarantee symmetric phase stresses in the mo-
tor and inverter (see Appendix C). The motor inertia of Jyy = 4.5 mkgm? corresponds to a
speed ripple amplitude, using Equation (5), of Aw = 7.3rad/s = 70rpm, or 1.9% of the
nominal speed. The minimal achievable speed in stationary operation for constant torque
T.(w) = TiNis, according to Appendix A, Wmin = 5rad/s ~ 50 rpm. The torque con-
stant is given withkt = T/ILyp = 0.92Nm/A and the given speed constant ky, which re-
lates the induced pole-wheel peak voltage Vp to thespeed nasky = Vp/n = 67.8mV/rpm,
resulting in a nominal phase voltage amplitude of Vpny = 250 Vpk. The nominal DC-link
voltage can then be selected as Vpc = 650V (cf. Table 2, allowing boost PFC operation up
to the nominal input voltage of Vg = 400 Vrms with a 15% margin. For input voltages
above nominal, the DC-link voltage is linearly increased up to 800V at Vgmax = 530 Vrms,
or a peak voltage of 750 Vpk.

The motor was measured to validate the datasheet and build a complete loss model.
The stator phase resistance was measured at R = 0.2 () at 40 °C (close to ambient since the
winding temperature does not significantly increase during short-time operation and was
also respected for the experimental analyses), and the motor inductances were measured
at Ly =~ Lq ~ 3.0mH, both within 10% of the datasheet values. The speed-dependent,
no-load losses from iron losses and friction [66] were measured with the motor driven
mechanically and the torque measured at nominal speed ny, resulting in a no-load torque
of Ty = 0.765 Nm and no-load losses of Pypni = WNTvnl = 296 W.

At nominal speed, the motor current amplitude is Iy = (T + Tyn1) /kt, which
at nominal load is Iyjon = 21.9 A. Under conventional operation, this RMS phase cur-
rent is IpHorms N = IMo,N/ V2 =15.5 Arms (cf. Equation (10)), and under the proposed
MPPB operation, the phase current is Ipprms N = \/EIMO,N /2 =19 Arms (cf. Equation (15)).
With the no-load losses summed with the conduction losses for the total motor losses,

Pym = Pymnl + PyMcond, OF:

9 (TL+ Ty \
Pym = onTwvini + 4 Rs (LkTMnl) . (24)

The no-load torque increases the motor losses Py twice—once directly, through the
Pynm term, and additionally by increasing the motor current as Ty /kt and, therefore,
increasing the conduction losses Pypnicond = 9Rs 11%/[0 /4.

The MPPB-operated motor losses at the average torque are shown in Figure 8, with
the nominal losses under MPPB operation of Pyyn = 517 W compared to 443 W under
conventional operation. This motor loss increase is 16.7%, less than the 25% predicted in
Figure 7b since the no-load losses comprise more than half of the total motor losses.
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Figure 8. Characterized motor losses Pyys under MPPB operation at load torque, comprising speed-
dependent no-load losses Py, and torque/current-dependent conduction losses Pypcond-

3.2. Converter Design

The complete converter topology is shown in Figure 9 with the components of Table 3,
and here, the key pieces of the component selection are highlighted.

3.2.1. Inverter Design

The inverter switching frequency must be outside the audible range (above 16 kHz [67]),
but is determined more strictly by the control bandwidth. With a pulsation frequency
of fp = 100 Hz, the DC-link voltage control bandwidth was designed to be 5x higher at
500 Hz, the motor current control bandwidth 5x higher than that at 2500 Hz, and the in-
verter switching frequency 10 higher for an inverter switching frequency of fis,, ~ 25kHz.
Due to EMI considerations [68], fisw = 24 kHz was selected.

The 1200 V power semiconductors are required to withstand a DC-link voltage that
will be as high as 800V (plus low- and high-frequency voltage ripple), and SiC MOSFETs
are employed instead of IGBTs for high performance [60]. These MOSFETs operate at high
voltage slew rates, or dupg/dt values, which can lead to an unequal distribution of the
voltage across the motor windings and partial discharge phenomena [69], resulting in
progressive aging of the motor winding insulation [37]. Different solutions to this challenge
were discussed and compared in [38], with gate drive modifications preferred [61], for
motor-integrated drives that support dops/df values as high as 15V ns~! (since there are
no cable reflections to consider).
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Figure 9. Complete powertrain, with all included components, for the realized motor-integrated VSD
system. The component list is detailed below, in Table 3.

Table 3. Component list.

Motor Inertia M 45 mkgm2 Siemens 1FT7-084 [65]
CM-Motor Capacitance Cemo 1.9nF Siemens 1FT7-084 (measured)
Inverter Transistors Tart, Tar, Tor, Tor, Terr, TeL 16 mQ/1.2kV Cree C3M0016120K [70]

PFC Unfolder Transistors Tur, TuL 16 mQO/1.2kV Cree C3M0016120K [70]

PFC Boost Transistors Tin, Tin, Tins Tiin, Tiies Tiin 32mQO/1.2kV Cree C3M0032120K [71]
DC-Link Capacitance Cpc 3 x 20 uF/900V Epcos B32776E9206K000, Foil

Boost Inductor Lg 428 uH (each) 4 E-Cores/30 Turns Flat Wire
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Table 3. Cont.

DM-Filter Capacitance
DM-Filter Capacitance
DM-Filter Inductance
CM-Filter Capacitance
CM-Filter Capacitance
CM-Filter Inductance
CM-Filter Inductance
CM-Filter Inductance

] 4 x 1uF Epcos B32914A5105M000, X1
C 1uF Epcos B32914A5105M000, X1
Lpwm 4.7 uH (each) Wuerth 74436410470

Comi 2 x 20nF Vishay 440LS20-R, Y1

Com2 2 x 20nF (each) Vishay 440LS20-R, Y1

Lemo 75 uH 6 x VAC L2025-W380, 1 Turn
Levn 1.6 mH VAC L2045-V102, 9 Turns
Lo 1.0mH VAC L2045-V102, 7 Turns

The optimal chip area was selected for the inverter power semiconductors, all of
which were implemented as next-generation 16 m() siC MOSFETs (C3M0016120K [70]). A
gate driver with an output clamp variant was selected [72] that drives the transistors at
the maximum positive (Vg on = 15V) and minimum negative (Vg oif = —4 V) gate drive
voltages for enhanced noise immunity. A 15 () gate resistor was added for turn-on and
turn-off to stay below dv/dt = 15V ns™!, as investigated in [61].

As previously mentioned, synchronous rectification was employed for the MOSFETs
within the inverter [62], with the body diode therefore only conducting during the dead
time fp. Under the worst-case condition, where the body diode conducts the full-phase
current within both dead time intervals of a switching period and with the diode forward
voltage drop Vg = 4.6V [70] and the selected inverter dead time of tp = 400ns, the
losses under nominal operation are Pyigiode = 3 flsw2tD VEIpHavg = 3.7 W (Where Ippayg is
from Equation (14)). These losses represent less then 5% of the calculated inverter losses
Py1 = 81.6 W and can be safely neglected.

3.2.2. DC-Link Capacitor Selection

The minimum DC-link capacitance was determined by the high-frequency-voltage
ripple caused by the PFC rectifier and the inverter [73]. Due to disturbances and the limited
control bandwidth of the DC-link voltage control, though, there was a remaining low-
frequency voltage ripple (see Figure 5). This ripple could be addressed with increased
bandwidth; however, in the end, this would require an increase in switching frequency,
and the corresponding increase in switching losses would eliminate this option. Instead,
to keep the peak-to-peak voltage ripple below 40V, an increased DC-link capacitance of
Cpc = 60 puF was selected based on circuit simulations. This capacitance requirement was
only 7.5 uFkW 1.

The chosen capacitors must be rated for at least 800 V, eliminating both ceramic X6S
capacitors (which are only available up to 400V, and would therefore require hundreds
of series-stacked capacitors) and CeraLink capacitors, where only small capacitance values
are available. Three 20 pF foil capacitors B32776E9206K000 [74] were selected, resulting
in a total volume of only 0.13L (or 8in®)—equal to just 13% of the required electrolytic
capacitor volume under conventional operation.

3.2.3. PFC Rectifier Design

Because the rectifier is not affected by the MPPB approach, a conventional PFC rectifier
design was implemented (even in [75], the electrolytic capacitors comprised 25% of the
overall converter volume). This rectifier must be designed to provide the maximum power
across the entire input voltage range (see Figure 1b), with a maximum input current of
32 Arms (or 45 Apk).

The unfolder was implemented with the lowest-possible Rps on device C3M0016120K [70],
which resulted in a maximum of 19.6 W of conduction losses at the voltage minimum and
9.6 W at nominal operation. To limit the component stresses of the high-frequency bridge-
leg, which is subject to high-frequency switching losses, an interleaved design with three
branches was selected. This supports an increase in effective switching frequency for
the same semiconductor losses [76], an improved loss distribution, and the reuse of the
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design for future three-phase-supplied VsD systems. Each bridge-leg was operated with
a switching frequency of 48 kHz to keep the frequency multiple below the stricter EMI
considerations at 150 kHz. The high-frequency bridge-leg power semiconductors were
again selected with the optimal chip area and implemented with 32 mQ) four-pin devices
(C3M0032120K [71]) for bridge-leg losses of Pyrnp = 8.8 W at nominal operation.

The PFC rectifier inductor design was selected from the optimal front of a Pareto
optimization based on the guidelines of [77], and this selected inductor was implemented
with four stacked K4317E040 Kool-Mu cores with a relative permeability of forty and
thirty turns of flat wire (7mm X 0.5 mm) (note that the permeability of Kool-Mu is current-
dependent, and the inductance varies between 428 uH and 342 pH [78]). The inductor has
a boxed volume of 100 cm? (33.6 x 41.5 x 72 mm) and Pyging = 9.5W of expected losses
at the nominal operating point. The filter capacitor C; is subject to a current ripple at the
interleaved frequency of 144 kHz, with the first and second harmonic canceled, and a 4 puF
capacitance was selected with an implementation of four parallel X-rated 1 pF capacitors.

3.2.4. EMI filter

This high-frequency bridge-leg interleaving also eliminates the fourth and fifth har-
monic components, and the Differential-Mode (DM) EMI filter therefore needs to be designed
to meet CISPR 11/Class A [8] at the DM noise of the PFC rectifier at 288 kHz. With the design
guidelines of [79], CISPR 11/Class A can be met with C; = 1 pF and Lpy = 4.7 pH.

The common-mode noise is typically defined by the parasitic capacitance to the
Earth, which is often dominated by the thermal interface material layer between the
power semiconductors and the grounded heat sink. Here, the largest parasitic capacitance
originates from the motor [80] at Ccyg = 1.9 nF. The CM EM filter, therefore, is designed for
the inverter noise occurring at the 7th harmonic of 168 kHz. Again, following the design
of [79], Ccm1 = Conve = 40nF, Loy = 1.2mH, and Loy = 0.8 mH meets CISPR 11/Class
A at 168 kHz. Both cM inductors were evaluated at 168 kHz, and they employ L2045-V102
nanocrystalline cores [81] with seven and nine turns, respectively. An additional CM choke
on the motor side Lcyp—to damp high-frequency CM currents inside the system and reduce
the potential for radiated emissions [82]—was implemented with six L2025-W380 [81] cores
with one turn each and provided a series impedance of 75 pH inductance and a damping
resistance of 100 () at 168 kHz.

3.3. Volume and Loss Distribution

These selected components are summarized in Table 3, resulting in the system loss break-
down at the nominal operating point (Table 2) of Figure 10a. The rectifier (Pyr = 74.9 W)
and inverter (Py; = 81.6 W) stages comprise a nearly equal contribution to the system
losses, which are dominated by the motor (Pyy; = 534 W). Beyond the no-load and con-
duction losses characterized in Figure 8, the motor incurs an additional 17 W of capacitive
switching losses, where the parasitic motor capacitance is charged and discharged with
the PWM voltage impressed by the inverter bridge-legs. The total drive system losses are
Pyps = 703 W, corresponding to a system efficiency at nominal operation of #pg = 91.4%.

The volume distribution of the system is shown in Figure 10b, with a boxed volume of
the complete drive system at 8.2 L (or 500 in®) resulting in a power density of 0.91 kW L~!
(15Win~3). The outer motor dimensions are 205mm x 105mm x 105mm, for a total
boxed volume of 4.9L (or 300in?), that is 60% of the system. The converter, at 3.3L (or
200in%), accounts for the remaining 40% of the system volume (including the encoder).
Without the MPPB concept, the electrolytic capacitor volume alone would account for 1L
(or 61 in3), adding 30% to the converter and 12% to the total system—and preventing
integration due to the lifetime considerations discussed previously.
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Figure 10. (a) Loss breakdown at the nominal operating point for the (i) inverter and (ii) motor.
(b) Volume distribution for the realized demonstrator.

3.4. Detailed Motor Integration and Implementation

The motor integration must allow a retrofitting of an existing motor within the same
flange dimension, mandating an axial stator mount of the power electronics system (options
for motor integration were surveyed in [83]). The implementation is shown in Figure 11,
with the three-level stack up and construction detailed side by side.

Firstly, the end plate was replaced to provide an interface for the converter system.
The first level of the integrated drive system (Figure 11a) contains the EMI filter components,
which were distributed around the encoder. Cables were mounted to the corresponding
side walls to connect to the grid CM inductors, which were also connected to the filter
Printed Circuit Board (PCB). The filter PCB contains all of the remaining DM and CM filter
components and was connected to the Earth and the motor housing. An Earth- and housing-
connected copper plate (not shown) was installed between the EMI filter and the motor-side
CM inductor to provide shielding, and similarly, an aluminum plate was installed between
the first and second levels to (a) shield the filter from the bridge-leg high-frequency noise
and (b) provide mechanical stability.

The second converter level (Figure 11b) contains all power components, including the
power semiconductor bridge-legs, the boost inductors, and the DC-link capacitors. The
bridge-legs were connected to the DC-link capacitors through the power PCB and to the
motor windings through the motor-side CM inductor. Critically, the vast majority of the
converter losses were generated in this second level, resulting in the highest temperature,
and this was where the electrolytic capacitors would need to be placed to connect to the
DC-link—making a system with electrolytic capacitors infeasible.
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Figure 11. Motor integration of the VSD system, built up in three layers from left to right. (a) Encoder
and filter components, (b) power components, and (c) circuitry and control unit.

The third level (Figure 11c) contains the gate drive, measurement, control, and logic
circuitry on two separate PCBs, with the control unit on the top. Converter losses are
cooled via the surface—and the thermal resistance (and insulation) can be improved
through potting, if desired—with the large thermal capacitance improving the thermal
characteristics significantly, since the system is not operated at full power for extended
periods. The final motor-integrated drive is shown in Figure 12.

Figure 12. Photograph of the complete motor-integrated, MPPB-operated, single-phase-supplied,
variable-speed-drive system of Figure 1.

4. Hardware Demonstration Verification

To evaluate the motor-integrated hardware demonstrator of Figure 12, the overall
operation of the drive system across the continuously varying operating points, motor
drive speeds, and torque fluctuation was evaluated. Full operation cannot be validated
with a resistor-inductor (RL) load alone, and a complete motor test bench was employed
here (instead of driving the compressor itself). This test bench comprises a motor bed,
the Device-Under-Test (DUT), a speed and torque sensor (TM310 with a maximum torque
bandwidth of 5 kHz from Magtrol [84]), and a load motor operated with a commercially
available drive system from Siemens with a constant load torque [50]. An identical setup
was employed for the no-load measurements of Section 3. First, the concept was validated
with time-domain measurements and waveforms. Then, the loss model was verified, and
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EMI measurements were taken before validating the extended functionality (distorted grid
voltage, ride-through operation, and battery supply operation) in Section 5.

Note that, due to the limited availability of the optimal 16 m() power semiconductors
specified in Table 3, all transistors were implemented as the 32 m(Q) device (C3M0032120K [71])
for the following measurements.

4.1. Time-Domain Waveforms and Operation

Firstly, the theoretical aspects of Section 2 were verified for the nominal operating
point, as described in Table 2. The measured waveforms are shown in Figure 13, where
the grid current (20.6 Arms) and voltage were in-phase for unity power factor operation
(measured at 99.95%) at 8.2 kW input power, a steady DC-link voltage near the reference
of 650V, and a speed equal to the reference of 3700 rpm with a speed ripple so small that
it is not visible on this oscilloscope capture. The low-frequency ripple of the DC-link
voltage is investigated in depth in Appendix B and corresponds here to 35 Vpkpk, nearly
identical to the simulation results of 34 Vpkpk shown in Figure 5. The measured motor
currents are shown in Figure 14, corresponding to a phase current stress of 18.5 Arms
and, again, matching the theoretical results in both behavior and predicted amplitude.
Overall, the system behavior was correct and expected, validating the MPPB approach and
the predicted operation.

200V Vne

Tl G i gmemm Oms |[Base 000 meTigee Ly
Figure 13. Measured waveforms under steady-state, nominal operation: grid voltage (yellow),
DC-link voltage (red), grid current (blue), and speed (1000 rpm/div, green).

4.2. Efficiency

With the foundational operation of the MPPB approach verified, the introduced loss
model was verified at nominal speed and DC-link voltage across the required mechanical
output power range. Grid power input was measured with the Yokogawa WT3000 precision
power analyzer, and the mechanical quantities were measured with a speed and torque sensor.
For all calculations, the measured stator phase resistance of Rs = 0.2 () was used, as the
system was verified for the short-time operation needed for this particular application. With
the MPPB approach encompassing the complete system, the difference in the measured input
(grid) and mechanical output powers was the drive system losses Pyps. These measured
losses are shown across load torque—and, accordingly, mechanical output power—as the
bullet points in Figure 15a. These measurements match the proposed loss model nearly
precisely, validating both the proposed power converter and motor loss models under the
proposed MPPB operation.
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Figure 14. Measured three-phase motor current waveforms under steady-state, nominal operation.
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Figure 15. (a) Drive system losses across mechanical output power Py at nominal speed 3700 rpm
with a DC-link voltage of 650 V. Measurements are indicated by bullets and match the introduced
loss models. (b) Converter, motor, and drive system efficiencies for conventional operation (black)
and MPPB operation (blue).

Next, the efficiency penalty associated with the significant power density increase
of the MPPB concept was quantified, and the constructed MPPB system was compared to
a conventional system with an electrolytic capacitor. The conventional system features
lower phase current stresses, leading to lower currents and lower conduction losses in
the motor and the inverter bridge-legs, but suffers from additional losses in the DC-link
electrolytic capacitors. At the nominal output power, the system losses increase from 600 W
for a grid-to-motor-shaft efficiency of 92.6% in the conventional system with an electrolytic
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capacitor to 703 W (91.4%) with the MPPB approach, for a loss increase of 103 W, or 17%.
This loss increase is the maximum across the operating load area, both in absolute and
relative terms, with the load-dependent difference highlighted in blue in Figure 15a.
Figure 15b shows the motor, converter, and drive system efficiencies for conventional
and MPPB operation over the output power range, where the converter efficiencies are
nearly identical at around 98%. The overall efficiency is primarily limited by the motor
itself, with the extra losses in MPPB operation contributed mostly by the additional phase
current stresses. The MPPB system achieves a grid-to-motor-shaft efficiency above 90% for
all loads above 5 kW (66% of the nominal load), a high and flat efficiency for the exceptional
power density of the motor-integrated, electrolytic capacitor-less MPPB-operated system.

4.3. Conducted EMI

Because the drive system was tested in full operation on the motor bed, all measure-
ments for EMI were conducted according to CISPR 16 for floor-standing equipment [85]. As
discussed in the Introduction and highlighted in Table 1, the conducted EMI of the drive
system in the frequency range of 150 kHz to 30 MHz must comply with the CISPR 11/Class
A QP limit [8] (limits shown in Figure 16).

Both phases x and y of the drive system were scanned with a maximum peak detector
with a step size of 1%, a bandwidth of 9kHz, and a measurement time of 10 ms, and we
report the results in Figure 16.

100 ‘ T T
~ 80 CISPR 11/ Class A QP Limit 1
g — ass A QP Limi "
a
Z 60 5
g
=
2 40 1
‘3 PK, Terminal x
Z 20t PK, Terminal y |
o QP, Terminal y
0 n n n PR | n n n PR | n
0.10.144 1 10 30
Frequency f(MHz)

Figure 16. Measured conducted maximum peak (PK) EMI noise emissions of the prototype drive
system (with the motor and converter mounted separately for safety and measurement), measured at
a step size of 1%, a 10 ms measurement time, and with a bandwidth of 9 kHz for both phases x and
y. Selected peaks (bullets) are measured with the quasi-peak (QP) detector with a 1s measurement
time [8].

Compliance with CISPR 11/Class A across the vast majority of the frequency space
was verified, with only certain frequencies above 15MHz exceeding the limit and the
largest QP violation of 4.6 dB at 19.3 MHz in phase y. Selected measurement points in this
regime were verified with a CISPR 11 quasi-peak detector (“QP”) with a 1 s measurement
time. These peaks, however, are only caused by the EMI test condition, where the converter
and motor were separated and connected with a cable for safety and measurement, and the
completed system would achieve CISPR 11/Class A compliance across the full considered
frequency range.

4.4. Transient Response

To this point, steady-state operation was assumed. Next, the transient behavior of the
system was analyzed to verify the controller performance of the MPPB approach. Figure 17
shows the system behavior for both a change in the reference speed and a step change in
the instantaneous load torque.
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Figure 17. Dynamic response of the proposed control structure with a speed step at t = 1s and a load
torque step at ¢t = 1.4s. The reference speed n*, the speed n, the load Ty, the motor torque t)s, the
DC-link voltage vpc, and the DC-link voltage reference V}- are presented. For both steps, the system
requires around 350 ms to return to steady-state. © 2018 IEEE. Adapted, with permission, from [28].

The system begins in steady-state operation at 3000 rpm and with a nominal load
torque of T} Ny = 19.4Nm, and there are steady-state speed, torque, and DC-link voltage
ripples, as previously discussed. At t = 1s, the reference speed was increased linearly to

* = 3700 rpm over 20 ms, and the input power and average motor power increased to
ramp the motor speed to match this reference. The maximum applied instantaneous torque
reaches 56 Nm, and this transient causes a small disturbance in the DC-link voltage with a
maximum deviation of 40 V. This voltage disturbance decays after around 100 ms, and the
speed reaches steady-state after 350 ms.

Att = 1.4s, the load torque decays instantaneously to 10 Nm, which is approximately
half of the nominal torque. Again, the MPPB approach elegantly controls the system, with a
short speed increase to 4169 rpm. The motor torque reaches steady-state after 100 ms, and
the speed reaches steady-state after 350 ms. It should be noted that the DC-link voltage
ripple will scale with the motor torque; cf. Figure 17.

5. Extended Functionality

To this point, the assumption was that the system operates with a purely sinusoidal
grid input voltage, which is the nominal operating condition, but not sufficient to meet the
complete set of application requirements. In this section, drive system functionality was
validated under three abnormal conditions that were required for the application—with a
distorted grid voltage, with a voltage sag on the grid, and with short- or long-term grid
interruptions. These were analyzed and verified in turn.

5.1. Operation with a Distorted Grid Voltage

Industrial voltage supplies—and especially railway grids [86]—can be heavily dis-
torted [87], with a grid voltage better described with the addition of a noise term vngise
as vg = Vg sin(27fG) + Unoise- Under these conditions, a sinusoidal input current must
still be drawn to minimize the grid stress [88]. While the noise components could be
eliminated with a low-pass filter, this filter necessarily introduces an additional phase
shift (v = Vg sin(27fg + ¢)) that degrades the power factor away from unity. Therefore,
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operation with a distorted grid voltage is addressed by reconstructing the fundamental of
the grid voltage v¢; around a Phase-Locked Loop (PLL) [89].

The PLL results in the input to the grid-current controller as v, = Vg sin(27fg), as
shown in Figure 18. While PLLs based on a three-phase grid are simple to generate based on
the orthogonal aB-voltage system, the single-phase grid here requires an alternate approach.
Instead, a Second-Order Generalized Integrator (SOGI) was used to derive vg and vg from
the single-phase input voltage [90] based on the measured grid voltage vg as the input. The
SOGI outputs vg;, vg, and vpg to the PLL block, which is used to derive the grid frequency
frLL—fed back as the second input of the SOGI in a coupled system.
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Figure 18. Details of the grid reconstruction unit control structure to achieve sinusoidal input current
without a phase shift, even with heavily distorted grid input voltages.

The PLL derives the phase angle § = 2nfgt, and following V& = Vpks
v&/VE =sind = sin(27fGt), the grid voltage is reconstructed vf = V& sin(27fg + ¢).
This v, was used for the grid current controller input and was also used for the power
feedforward term, as shown in Figure 18.

5.2. Operation under Grid Voltage Sag or Interruption

More specifically, the drive must operate correctly under two additional fault con-
ditions: voltage sags, where the input voltage falls below the specified range, and grid
interruption, where the grid provides no voltage for a period. The exact conditions for each
of these faults were discussed comprehensively in [91].

Continued operation under fault conditions increases system reliability, uptime, safety,
and financial payback, and grid-tied industrial applications often require ride-through
operation to minimize downtime (e.g., in general converter systems [92] or for drives [93]).
Under a fault, the system must both (2) not trip, keeping the system operational, and
(b) apply the full requested torque, without significant delay, after the interruption or sag.
This effect on the MPPB concept, where no significant electrical or electrochemical energy
storage is included, must be analyzed.

5.2.1. Voltage Sag
The proposed MPPB system achieves the required operation under grid voltage sag by
design, with:
* A large specified grid tolerance (of approximately +30%; see Figure 1b) to cover the
majority of sag cases with full-power operation;
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¢  Even with the voltage outside of the specifications, the control structure detailed in
Figure 18 will cover the voltage sag condition at reduced power, where the grid current
limiter freezes speed control once the limit is reached. The control scheme guarantees
rapid recovery, as shown later.

5.2.2. Grid Interruption

Railway systems regularly experience short-term grid interruptions in the range of
several tens of milliseconds [94]. In conventional systems, these interruptions are easily
covered by the DC-link capacitance energy storage—which is not present in the proposed
MPPB approach, requiring a further investigation of the operation under grid interruption.

During grid interruption, there is no sinusoidal input voltage and no power can be
extracted from the grid. When the phase lock of the PLL is lost, the PFC rectifier stops
operating (all gates are turned off) and an idle power semiconductor state is entered,
similar to the first state of startup. The PFC operation flag switches from ONpgc = 1
(normal operation) to ONpgc = 0, and the grid power request drops from the motor power
P& = Py to zero, P&, = 0W, as shown in Figure 19 for ride-through operation.
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Figure 19. Details of the control structure—with PLL and SOGI blocks—to implement startup or
ride-through operation for both (a) AC operation and (b) DC operation. Only the AC-referenced
quantities change for DC-supplied operation, with no change in control structure or values.

Without electrical (or other) energy storage within the system, the compressor can no
longer be driven, and the load torque of the compressor slows the rotational speed of the
motor (the compressor is supplied from the kinetic energy storage of the motor inertia).
During this period, the speed controller is frozen—all stored variables are continuously
initialized with the instantaneous values to prevent triggered step responses—but the
inverter remains turned on (ONyy = 1) to maintain the DC-link voltage control, which is
now decoupled from the grid input (since the feedforward term is now pg = 0W). The
DC-link voltage control, then, continues to ensure that the DC-link voltage is driven to
the reference voltage, which is supplied again by the motor inertia, and the rotating mass
decelerates more quickly (and even more quickly if additional loads, such as discharge
resistors or logic supply or fans, are connected to the DC-link).

At this point, with the decelerating motor supplying the DC-link to maintain the
reference voltage, two cases—short-term and long-term interruptions—were analyzed
separately.
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Short-term interruption: If the grid returns while the system is still rotating (and sup-
plying the DC-link), only the PFC rectifier needs to be re-synchronized, and the grid power
can be ramped to stabilize the mechanical speed of the motor. Because the DC-link voltage
is maintained above the voltage peak of the grid, no pre-charging state is required and the
response time is fast.

This performance is verified in Figure 20, where a 100 ms interruption at a power
level of 3.4 kW results in a fast and stable recovery to the mechanical speed request. When
the grid is interrupted, PFC operation stops and the grid current goes to zero. The speed
drops linearly with dw/dt = Ty,/ i (under constant torque operation, which is the worst-
case condition). When the grid returns after 100 ms, the PFC synchronizes and ramps up
the motor power, and there is a reduction in the rate of the speed decay, which becomes
zero at w1}, = Pg (the speed minimum). From there, the control returns the motor to the
desired steady-state speed, which occurs without significant DC-link voltage oscillations—
even with the elimination of the DC-link energy storage capacitors provided by the MPPB
approach. The recovery time could be even further shortened with the addition of a
non-linear speed controller.
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Figure 20. Measured system transient performance for ride-through of a 100 ms grid interruption at

3.4 kW mechanical output power: grid voltage (yellow), DC-link voltage (red), grid current (blue),
and speed (2000 rpm /div, green).

The survivable ride-through time depends primarily on the speed before the inter-
ruption, the total kinetic energy, and the instantaneous load torque (or the pressure of the
tank; see Figure 1). If the motor stops rotating, the battery supply starts, the final extended
functionality case explored here.

Long-term interruption and battery supply operation: The system will enter standstill if
the motor speed decays to zero and the DC-link voltage can no longer be maintained (with
no remaining kinetic energy). At this point, the DC-link and inverter control are turned off
and the systems returns to a state similar to before the initial startup.

The DC-link voltage controller was implemented with a hysteresis control based on
the ratio of the instantaneous and reference DC-link voltages, and this supports the direct
utilization of this concept for startup.

If the grid interruption is sustained, the switching network of Figure 1a connects the
battery supply instead of the grid, and the “DC grid” is detected by the grid detection
and reconstruction unit (see Figure 19b). The identical control structure, with identical
controller gains, is reused for DC grid operation, with the grid-dependent variables in AC
operation replaced by their DC equivalents (see the replacements between Figure 19a,b).
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This implementation requires a single software code base for both operation modes, simpli-
fying the implementation, testing, and maintenance. Of course, the traditional approach,
similar to Figure 3a, could also be followed for DC operation, but this would increase
the software effort for the design, validation, maintenance, and operation, where the two
modes of operation would need to be actively switched during an extended grid voltage
interruption. Because this introduces further complexity to the system, the approach of
Figure 19 is preferred.

DC grid operation with a battery voltage of 100 V and a DC-link voltage of 150V is
validated in Figures 21 and 22, with sinusoidal motor currents as shown in Figure 6 at a
mechanical power of 1.2kW at 1000 rpm. DC grid operation and control was validated,
and the MPPB system supports the required operation under fault conditions—even without
DC-link energy storage.

20V ‘ Vb AR TELEDYNE ey
div ‘

24 sttt e A o i " i

div . Akt ‘{LN\WNNW oy o o
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X1= 2499995 ms AX= 0.00us
X2= 2499995 ms 1/AX= -

Figure 21. Measured waveforms under under steady-state DC-supplied operation at 1.2 kW me-
chanical output power: grid voltage (yellow), DC-link voltage (red), grid current (blue), and speed
(500 rpm/div, green).
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Figure 22. Measured three-phase motor current waveforms under steady-state DC-supplied operation

at 1.2 kW mechanical output power.
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6. Conclusions

Motor integration of Variable-Speed Drive (VSD) systems is desired for power density,
integration, cost, and reliability—but for single-phase-supplied applications, is limited
by the need to provide buffering energy storage on the DC-link, which is typically ac-
complished with electrolytic capacitors. These electrolytic capacitors occupy significant
converter volume and cannot be operated across a wide temperature range with a high
lifetime, preventing these VsDs from motor integration for the next-generation of electri-
fied mobility.

This work proposed that the kinetic energy stored in the motor inertia itself be used
to buffer the pulsating power from the single-phase grid, translating DC-link voltage
and current ripple to motor speed and torque ripple. This concept is named the Motor-
Integrated Power Pulsation Buffer (MPPB), and the control technique and structure required
for nominal and grid fault condition operation were analyzed deeply. The control was
realized by rearranging the connections between the same top-level controllers—without
changing the core controllers themselves—supporting retrofitting and a simple software
change.

A hardware demonstrator was constructed to verify the proposed MPPB concept for a
single-phase-supplied railway application that drives a scroll compressor for air brakes
(and other loads that require high reliability). The 7.5 kW demonstrator realized complete
Permanent Magnet Synchronous Motor (PMSM) integration in a total volume of 8.2 L (or
500 in®)—and without the DC-link capacitors that would occupy an additional 1L (or
61in%) and prevent integration. The MPPB system achieved over 90% grid-to-motor-shaft
efficiency for all loads over 5 kW or 66% of the nominal load, with a worst-case loss penalty
over a conventional electrolytic-capacitor-based system of only 17%. The demonstrator will
achieve CISPR 11/Class A compliance at full integration and operates across the required
suite of extended functionality, including for ride-through and sustained grid faults.

The proposed MPPB concept shifts the required grid-buffering energy storage from an
additional electrical element—large DC-link capacitors—to the motor, which is already
required for the mechanical drive, achieving otherwise unobtainable power densities and
integration levels for single-phase-supplied variable-speed electric drives.
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The following abbreviations are used in this manuscript:

CM Common-Mode
DM Differential-Mode
DUT Device-Under-Test
EMF Electromotive Force

EMI Electromagnetic Interference
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IGBT Insulated Gate Bipolar Transistor

MAF Moving-Average Filter

MOSFET  Metal Oxide Semiconductor Field Effect Transistor
MPPB Motor-Integrated Power Pulsation Buffer

PCB Printed Circuit Board

PFC Power Factor Correction

PLL Phase-Locked Loop

PMSM Permanent Magnet Synchronous Motor

PPB Power Pulsation Buffer

PWM Pulse-Width-Modulation

RMS Root Mean Square

SiC Silicon Carbide

SOGI Second-Order Generalized Integrator

VSD Variable-Speed Drive

ZVS Zero-Voltage Switching

List of Symbols

The following symbols are used in this manuscript:

o Auxiliary variable

C, G DM-filter capacitors/capacitances
Cemo CM-motor capacitance

Cemi, Comi CM-filter capacitors/capacitances
Cbc DC-link capacitor/capacitance

CL, cl Closed-loop transfer functions

da, dp, de Inverter duty-cycles

dp Boost duty-cycle

eKIN Kinetic energy of the drivetrain

eLq Magnetic energy of the g-axis motor inductance
esw Switching energy loss of a half-bridge
g, €0 Mechanical rotor angles

fics,MpPB, ics,cony  Converter system efficiency for MPPB/conventional operation
1M, MPPB/ M,CONV Motor efficiency for MPPB/conventional operation
ps,MPPB, /lDS,CONV ~ Drive system efficiency for MPPB/conventional operation

fBw Bandwidth

fco Crossover frequency

fE Electrical motor frequency

SfEmin Minimum motor frequency in stationary operation with constant torque
fEQ Cutoff-frequency of a time-delay-equivalent low-pass filter
fc Grid frequency

fi, fii, fiii Frequencies of harmonic motor current components
fisw Inverter switching frequency

fr Power pulsation frequency

frr Cutoff-frequency of a PI-controller

fpPLL PLL frequency

Gp Transfer function: time delay

Geq Transfer function: time-delay-equivalent low-pass filter
Gp Transfer function: filter

Gi Transfer function: integrator

Gpr Transfer function: PI-controller

Ig Battery current

ic Instantaneous DC-link capacitor current

Ic DC-link capacitance capacitor amplitude

Ic LFrms Low-frequency rms DC-link capacitor current

iG Instantaneous grid current

Ig Grid current amplitude

IGmax Maximum grid current amplitude

i, It Input current
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Pyttetis Pvioteti
Pyitet i Pviofet ii
Pytigbts Pyioigbt
P Visw

Pym, Pymo
PVvMa, PVMbs PVMc
PyMa, Pymb, Pyme

Instantaneous boost inductor current

Motor current space vector magnitude in conventional operation
Amplitudes of the motor current harmonics in MPPB operation
Instantaneous motor currents

Absolute global average current of phase a
Instantaneous d-axis motor current

Maximum motor current amplitude
Instantaneous/average g-axis motor current

RMS phase current in phase a

Absolute average phase current for MPPB/conventional operation
RMS phase current for MPPB/conventional operation
Peak phase current for MPPB/conventional operation
Motor inertia

Load torque exponent

Switching loss coefficients

Proportional controller gain

Torque constant

Voltage constant

Boost inductor

CM-filter inductors/inductances

d-axis motor inductance

DM-filter inductor/inductance

EMI-filter inductance

g-axis motor inductance

Index variable

Motor speed

Motor speed ripple amplitude

Open-loop transfer functions

Inverter operating state (on/off)

PFC rectifier operating state (on/off)

Number of pole pairs

Mechanical power

Mechanical power in DC-operation

Air pressures

Instantaneous/average capacitor power

Averaged capacitor power

Instantaneous/average grid power

AC component of the grid power

Average input power

Instantaneous inverter power

Instantaneous g-axis magnetization power

Averaged g-axis magnetization power
Instantaneous/average motor power

Instantaneous PFC rectifier power

Reference losses per phase

Drive system losses

Losses of the electronic circuitry

Inverter losses for MPPB/conventional operation
Inverter conduction losses

Inverter diode conduction losses

Losses of MOSFET inverter with dv/d¢ limitation of switching transitions
Losses of MOSFET inverter with output filter

Losses of IGBT inverter

Inverter switching losses

Motor losses for MPPB/conventional operation

Local average of the motor phase winding losses
Global average of the motor phase winding losses
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P VMcap
P VMcond
Pyl
Pypy, Pyvpro
PypHmax
Pyr
PyRemi
PyRnb
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PyRrun
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¢

¥rm
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s

SuN

t

AT,
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TIsw

Ty

tm, Tm
TMAF
Thvint

Tp
Trwm
™

TEQ
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T
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0

do/dt
doups/dt
qu

Vg, Ugy
VB

AUC
vpc, Vbe
Upc
AUDC
UDC,AC
UDds UDq
Ups

Vi

UG

Ve

Capacitive motor losses

Motor conduction losses

No-load motor losses

Average phase conduction losses for MPPB/conventional operation
Maximum phase losses

Rectifier losses

EMI filter losses

Rectifier half-bridge losses

Rectifier inductor losses

Unfolder losses

Phase margin

Phase-shift

Permanent magnet flux linkage
Stator winding resistance
(Differential) on-resistance
Drain-source resistance of a MOSFET
Laplace variable

Unfolder switching state

Time

Time-shift

Transistors of the inverter
Transistors of the PFC rectifier
Transistor of the unfolder
Acceleration torque

Control computation time

Time delay

Feedforward load torque

Grid period

Inverter switching period

Load torque

Instantaneous, average motor torque
MAF-filter averaging time

No-load motor torque

Power pulsation period

PWM period

Delay time constant

Equivalent delay time constant
Filter time constant

Integrator time constant

Integral controller gain

PlI-controller time constant

Thermal time constant

PLL-based grid angle

Motor terminal voltage slope
Switch-node voltage slope
Approximated g-axis voltage
Components of the orthogonal af—voltage system
Battery voltage

Capacitor voltage ripple amplitude
Instantaneous / average DC-link voltage
Averaged DC-link voltage

DC-link voltage ripple amplitude
AC-component of the DC-link voltage
dg-decoupling terms

MOSFET drain-source voltage
Forward voltage drop

Instantaneous grid voltage

Grid voltage amplitude
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VG,ons VG oft Positive and negative gate driver voltage
(Y Input voltage

ULB Instantaneous boost inductor voltage

ULd Motor inductance d-axis voltage

VLISN Measured HF voltage noise

ULq Motor inductance g-axis voltage

OMds OMq Motor d-/g-axis voltage components

Vp Voltage induced by the revolving rotor field
Upk Voltage peak derived by SOGI

Unoise Noise voltage

Vv Air flow rate

Volpg Drive system volume

w Instantaneous motor speed

Aw Motor speed ripple amplitude

w Average motor speed

Wrmin Minimum average motor speed in stationary operation with constant torque
weco Angular crossover frequency

wj Integral controller gain

wp Angular power pulsation frequency

Appendix A. Low-Speed Operation with Constant Load Torque

In this Appendix, the low-speed limit of an MPPB-operated system with a constant load
torque is investigated. This investigation is performed with an abstracted system, where
the vSD is taken as lossless and forwards the complete grid power (see Equation (1)) to the
motor. The motor power is therefore given, and the inner motor torque is t\; = pg/w. The
torque difference t\; — 11, is then applied to the motor (and the load) inertia Jy; and defines
the speed change of the motor, which can be written as:

Imcolt) = (t) ~ T = PSH y. (A1)

The use case described here is analyzed, with a constant load torque Ty = cst,, i.e.,
k = 0 (as discussed in Section 2). This dynamic system is shown as control-oriented block
diagram in Figure Ala, and with the system described by a non-linear differential equation,
the analysis must be conducted numerically to determine the minimal achievable average
speed wmin for continuous MPPB operation.

Under the critical specifications for our application (T = TN = 19.4Nm,
fp = 100Hz, J; = 4.5mkgm?), the behavior across speeds can be visualized. For large av-
erage speeds, the behavior is identical to that shown in Figure 2(e.ii), with an approximately
symmetric speed ripple defined by Equation (5) as 2Aw = 13.7rad/s. The first analyzed
case in this section selects a grid power Py = 388 W to achieve w = 20rad /s, recalling that
in steady-state the average grid power Py must equal the average mechanical power Ty @
(see Figure Al(c.i)). The corresponding time-domain waveform of the motor speed is
shown in Figure Al(c.i), where even though the average speed is only 5% of the nominal
speed, the system roughly behaves as expected. There is a slight asymmetry in the speed
ripple amplitude (6.1 rad /s versus —7.2rad/s) caused by the quadratic nature of the kinetic
energy storage (see Figure Alb). The load power Tpw contains a significant fluctuation
as it scales proportionally with the instantaneous speed w(t) # @, i.e., the small ripple
assumption is no longer valid. This actually reduces the toque pulsation ty; = pgw ™! seen
by the system and results in a slight phase shift of the speed variation and reduces the
peak-to-peak speed ripple slightly from 13.7rad /s to 13.3rad/s.
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Figure Al. (a) Graphical representation of Equation (A1) for a constant load torque Ti.
(b) Kinetically stored energy over speed with the indicated speed and energy range for operation at
@ = 20rad/s and Ty, = Ty = 19.4Nm. (c) Grid power and instantaneous speed w over one grid
period for different average speeds (c.i) @ = 20rad/s, (c.ii) @ = 10rad/s, and (c.iii) @ = 5rad/s.
The average values are indicated by the thin lines and the peak-to-peak speed ripples are annotated.

As the input power is reduced to half in Figure Al(c.ii), the average speed is also
halved to w = 10rad/s. A larger phase shift occurs, reducing the peak-to-peak ripple to
12.2rad/s. The ripple amplitude asymmetry increases to 5.2rad /s and —7.0rad/s. With
the ripple reduced, the instantaneous speed minimum also reduces.

Finally, through numerical methods, the minimum possible average speed for station-
ary MPPB operation (requiring w(t) > Orad/s) in the considered system is
Wmin = 5rad/s ~ 50 rpm (see Figure Al(c.iii) with w(t) hitting zero).

Appendix B. Control Design and Enhancements

In this Appendix, the controller design is detailed to highlight enhancements to
improve both steady-state and transient behavior in the MPPB system.

The analysis begins with the inner-most control loop, the motor current controller,
which is shown in Figure A2a (similar to the corresponding control loop of Figure 4) and
redrawn in Figure A2b in a more familiar model.

The control loop is investigated, the necessary controller is designed, and the bot-
tlenecks and suggested improvements are highlighted. This procedure is then repeated
for the outer control loops, with a special emphasis on the DC-link voltage control with a
feedforward term to reduce the low-frequency voltage ripple.

Appendix B.1. Motor Current Control Loop

The control implementation is a conventional digital controller, where the control loop
of Figure A2b is executed discretely when the sawtooth carrier of the PWM unit reaches
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the top or bottom of the range. This execution occurs synchronously with the duty-cycle
updates [95] twice per PWM (switching) period Tpwnm = Tisw = 1/ fisw of the inverter.

At the updated time instants, the reference value il’(/[q is compared to the measured
value ill\/[q’ and the error Jipq is input to the controller Rig, which is characterized by its
transfer function (with w; = 1/1 = kp/t):

wj 1 1451
n

o (A2)

The controller output vy, is converted to a duty-cycle and applied to the plant. In this
process, a feedforward delay 1p pp occurs, which comprises the delay between the controller
execution and the duty-cycle update 7 = Tisw /2 and the delay between the duty-cycle
update and its influence to the plant Tp wm, which is a result of the PWM operation itself.
The average delay in the control loop can be approximated as a dead-time element of
D,pwm = T1sw/4 [96]. This feedforward term Tp pr = Tpc + T pwm results in the transfer
function of:

Gprr(s) = Gp,c(8) - Gppwm(5) = exp(—STpFr)- (A3)

The plant itself corresponds to the energy storage of the controlled quantity as an
integrator Gy(s) = 1/(s1y), which, for the motor current controller, equals the g-inductance
T = Lq = 3mH.

PT*VDC*TH

L

e

Y

(@
. Riq , Control PWM Plant (Lq)
.« 4+ Oiy VL v .
IM ! IM
q q
Gp((s) Gp(s) GD,pwm(S) Gy(s)
, MAF Gpre(s) Filter

qu ST re
R

(&

GD,FB(S ) Gr(s)
(b)

Figure A2. (a) Implementation of the motor current control (taken from Figure 4) and (b) correspond-

ing control loop for the g-current.

For the feedback, the instantaneous current value iy1q is measured and the feed-
back path comprises a low-pass filter Gg(s) = 1/ (1 + stp), with tr = 1/wg = 1/(27fg)
modeling the cut-off frequency of the sensor unit (here, fr = 5MHz). A feedback de-
lay is added to account for the time delay from the sensor to the controller execution,



Electronics 2022, 11, 280

37 of 49

Gp,re(s) = exp(—stps), with the delay including Tp rg = Tmar/2 + Tpyhdl Since a MAF
filter [97] with Tyar = Tisw is employed to eliminate all switching frequency components
in the measured signal. Tp yhq1 = 2.1 us accounts for the additional delay in the VHDL/C
implementation.

The measured current is summed, with the appropriate sign, with the requested
current, and the loop is closed.

Appendix B.2. Motor Current Controller Design

The current controller is designed around the phase margin criteria, where the phase
margin PM defines the phase reverse (referenced to 180°) at the crossover frequency fco of
the open loop transfer function OL(s), which is

OL(s) = Gpi(s) - Gprr(s) - Gi(s) - Gr(s) - Gpra(s) (A4)

The delay is replaced with an equivalent low-pass filter (Pade approximation) with
the time constant Tp = (Tp rr + Tprg) 2V/3/ 7, arriving at

_ 1
 1+st’

GD,FF(S) . GD,FB(S) ~ GD(S) (A5)

and define the equivalent time constant Tgg = max (7, Tp) (assuming 7z >> Tp or ¢ << Tp,
which is typically valid), arriving at the simplified equivalent delay term:

Gprr(s) - Gprs(s) - Gr(s) ~ Gea(s) = HiTEQ (A6)
and the simplified open loop transfer function ol(s):
0l(s) = Gpi(s) - Gi(s) - G s) = s2rli:iss»f;2m@‘ (A7)
The phase margin criteria for ol (jw) are:
lol(jwco)l = 1 (A8)
arglol(jwco)] = PM —180°, (A9)

with the phase margin PM achieved at the angular cross-over frequency wco = 27 fco.
Solving for the controller gains results in the fully analytical expressions:

T 1+1/a
kp = —-
TEQ 14«

and T, = aTgQ (A10)

with « = (2tan? PM + 1) + \/ (2tan? PM + 1)2 — 1, and the crossover frequency result of:

1 1 1
feo = 27 TG VA (Al1)
The proposed control loop, with fis,, = 24kHz and a phase margin of PM = 40°,
results in the controller gains of kp = 23.4 and w; = 85.2rad/ms. With these controller
gains, the full (OL) and simplified (0!) open-loop transfer functions are shown in Figure A3,
with the indicated phase margin PM = 40° at the cross-over frequency fco = 1.2kHz,
verifying the introduced approach.
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Figure A3. Bode plot of the full-model OL and simplified-model o! for loop and controller parameters.
The phase margin PM is indicated at the crossover frequency fco, with the inverter switching
frequency fis, the cut-off frequency of the equivalent low-pass filter frq, and the PI-controller cut-off
frequency fp; = 1/(2717) also highlighted.

The closed-loop transfer function can be calculated as:

_ Mg _ Gpi(s) - Gp(s) - Gi(s)

CL(s) = R 1+ OL(s)

(A12)

and simplified by cl(s) = %}(G;)(S), resulting in the simplified closed-loop transfer function:

_ kp + Skp(Tn + TEQ) + SszTnTEQ N kp

_ ~ ) A13
kp + skpTa + 2TiTn + P TTaTeq~ kp + 5T (A13)

cl(s)

where the approximation cl(s) ~ 1/(1 + st;/kp) can be used as an equivalent time constant
for the design of an outer control loop (including for the DC-link voltage controller).

In case, the described system would employ a pure proportional controller, the analyt-
ical calculation results in:

1 1

_ 1 Ald
feo 27 Tgq tan PM (Al4)
7 V1+1/tan? PM
_ Al
ke TEQ tan PM (AL5)
k
ol(s) = ——2— (Al6)
STr + S“TTEQ
k k
cl(s) = ptokpTeo ke (A17)

kp 457 +s2TitRq | kp + 5T

Appendix B.3. Improvements to the Motor Current Controller: Feedforward Delay Reduction

The inner current controller is primarily limited by the sum of the delays, or the
equivalent time constant of the controller. Next, the timing constraints of the structure are
investigated to find options for improvement.

As mentioned previously, the duty-cycle of the PWM unit is only updated once the
carrier reaches top or bottom, for an update rate of twice per switching period Tpwy. This
behavior is shown in Figure A4a.

The ADC, however, operates in free run and gives new samples asynchronously.
These samples are summed by an accumulator, which implements the first part of the
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MAF. The second part of the MAF—the division by the sample length—is performed within
the controller itself. To ensure that averaging occurs over the full switching period with
the double-update rate of the duty-cycle, two 180°-phase-shifted accumulators are imple-
mented, one for the top update and one for bottom update of the PWM (Accu. I and Accu.
Il in Figure A4b). The data read-out and reset is synchronized with the duty-cycle update,
similar to a synchronous sampling structure [98].

After the read-out of the MAF, the controller derives the new duty-cycles, the calcula-
tion of which requires the control computation time Tc. Although Tc may be significantly
smaller than Tpyn /2, its result (the new duty-cycle) can only be used at the next duty-cycle
update, which is defined by the sawtooth carrier. In the end, then, the time difference
AT = Tpwm/2 — T¢ is wasted by waiting every half-cycle, as highlighted in Figure A4b.

To improve this time delay, the accumulator read-out can be shifted forward by AT
(minus some margin) rather than synchronized with the duty-cycle, and the accumulator
read-out now occurs shortly before the duty-cycle update. A forward shift of T plus some
margin (Figure A4c) is introduced, and 1 ¢ is reduced from half the switching period to Tc
alone. Here, Tc = 260 ns to account for the VHDL implementation of the current controller.

A PWM Carrier and Duty-Cycle

d

% Duty-Cycle Update

r r r 1

% ADC Samples (Free Run Mode)

NRRN NN ARN RN R RNNARA AR

0 0.5Tpwm Towm L.5Tpwm 2Tpwm
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|
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Control e Tc
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Figure A4. (a) PWM waveforms with indicated duty-cycle update and ADC sample timing. The
timing considerations of the accumulators and the controller execution are highlighted for the
(b) conventional and (c) improved implementation of the duty-cycle update timing.
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The PI controller gains are again calculated based on the phase-margin criteria of
40°, leading to a controller with k, = 37.7, w; = 221.5rad/ms and fco = 2.0kHz. The
crossover frequency of the open-loop transfer function, then, is increased by nearly 60%
with this proposed delay reduction.

Finally, the closed-loop transfer function is compared and evaluated:

Mg OL(s)
g 1+OL(s)

CL'(s) = (A18)

(Note that iyjq cannot be evaluated directly in the selected implementation with
the MAF filter before the dg-transform block). The original and improved closed-loop
transfer function is shown in Figure A5, with the indicated —3 dB bandwidth for each
implementation highlighted.

The model and the measurements match well, with the small deviation around the
resonances due to the neglected motor phase resistance. The improvement in timing
improves the bandwidth from fgw = 2.9kHz to fgw = 4.7 kHz, an improvement of 60%.
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Figure A5. Model and verification measurement of the closed-loop transfer function
CL'(s) = iy, q ugq for the conventional and improved implementation.

Appendix B.4. Improvements to the DC-Link Voltage Controller

The same procedure can be applied to the DC-link voltage controller, where a particular
improvement to the low-voltage ripple is sought. The equivalent time constant is now
defined by the inner current controller gy = 71/kp, which would, in this case, be located
in the feedforward path.

To achieve a bandwidth separation of around 4 x from the inner current control, the
phase margin target is PMypc = 62°. The conventional controller gain is k,y = 0.117,
wjy = 56.7rad/s and fcoy = 309 Hz and the improved controller gain is k, v = 0.188,
wijy = 147rad/s and fcoy = 500 Hz.

For each controller and timing implementation, the measured AC component of the
DC-link voltage (measured with a high-pass) is shown in Figure A6a for the conventional
controller and (b) for the improved controller operation. In the conventional case, the
voltage ripple is 2Avpc = 35 Vpkpk, which is almost identical to the simulation results of
Figure 5 (the simulation employs the same controller configuration). With the improved
controller setting, the DC-link voltage ripple is reduced to 2Avpc = 23 Vpkpk.
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Figure A6. Measured grid voltage vg and AC-component of the DC-link voltage vpc ac at nominal
operation for (a) conventional current control, (b) improved current control, and (c) improved current
control with inductor voltage feedforward (see Figure 4).

Interestingly, the voltage ripple reduces by a 60% factor, which can be explained
straightforwardly. The timing structure allows higher controller gains while maintaining
stability, which increases the gain of the open-loop transfer function and enables a higher
crossover frequency. Because the open-loop transfer function appears in the denominator
of the disturbance transfer function, the impact of any disturbances below the crossover
frequency are reduced by the improved open-loop transfer function.

Even with this improvement, though, these results imply a significant amount of
disturbance power at low frequencies (multiples of 100 Hz) that is resulting in a large DC-
link voltage fluctuation. The motor itself, and particularly at the waveforms surrounding
the motor inductance (Figure A7), are therefore investigated next.

Starting with the g-current (from Equation (12)), and considering the motor inductance
Lq = 3mH, the magnetically stored energy within the motor over several grid periods is
erq(t) = i%/[q(t)Lq/Z The magnetization power is found as pr4(t) = der4(t)/dt, shown in
Figure A7, which is the disturbance quantity. The inductive power demand of the motor,
with a zero average (prq(t) = OW), is acting as the low-frequency disturbance. The peak
power is almost 1 kW, which is about 13% of the average output power.

To address this disturbance in the control architecture, the inductor voltage that results
from the g-current change is calculated as vpq(t) = prq(t)/imq(t) = Lqdimg(t)/dt. The
resulting voltage can be used as a feedforward term, along with the induced voltage Vp.
The derivation of this voltage requires a differentiation, with the associated concerns of
robustness, but because the instantaneous grid phase angle is known from the PLL the
inductor voltage can be calculated open-loop.

For a sinusoidal input, then, the inductor voltage can be calculated as v 4(0) =
IvoLqf (@), with the function f(6) as:

f2rfgt) =4 2nfg - cos(2mfgt) - sin(2mft). (A19)

The feedforward term is implemented as shown in Figure 4, and, with this improve-
ment, the corresponding DC-link voltage measurement is shown in Figure A6c. The voltage
ripple is reduced another 55%—beyond the timing improvement—to a much-improved
ripple of 2Avpc = 10 Vpkpk.
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Figure A7. Motor inductance waveforms: g-current iyiq, stored magnetic energy ey g, corresponding
magnetization power ppq, and g-inductor voltage ULg/ which can be used as a feedforward term to
reduce the DC-link voltage ripple.

Appendix C. Phase Current Analysis

In this section, the phase currents in the inverter and motor under MPPB operation
are detailed, including an investigation of the loss-characteristic currents and different
frequency ratios between the electrical motor frequency fg = p@/(27) and the power
pulsation frequency fp.

First, the phase stress is analyzed for the rms currents under a variety of frequency
ratio cases before moving to an average current analysis. For completeness, the analytical
equations for all three phase currents are given below in Equations (A20)—(A22).

iMa(t) = —Iwo Sil’l(pd)t + So) (A20)
I
—% sin(pwt + 27 fpt + €)

Ivo
-5 sm(pwt — 21 fpt +¢€p)

‘ . 2
ip(t) = —Iypsin (p@t—l—eo + ;T) (A21)

2
—sm(pwH—anpt +ep+ 3>

I 27
—% sm<pwt —2nfpt+e0+ 3)
. . - 271
iMc(t) = —Ivosin( paot +ep — > (A22)
I 2
f% sin( pat + 27 fpt + g9 — :)

—11\;—0 sm(pwt — 27 fpt +¢o — 2;)
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Appendix C.1. RMS Current Stress

The phase currents are the superposition of three sinusoidal waveforms: f; = fg with
amplitude Iyip and fi; = fg + fp and fiii = fg — fp, each with amplitude Iyjp/2. Depending
on the ratio of fg and fp, though the coincidence of sines will vary, potentially leading to
asymmetric phase current stresses.

The current amplitudes, maximum phase losses Pyprmax = max (Pyma, Pymp, Pymc),
and total losses Pynicond = PyMa + Pymb + Pymc With Pyva = Pyma(t) are analyzed for
a variety of motor speeds (and resulting frequencies), with the results summarized in
Table Al for the speed ratio cases. The phase losses are benchmarked to Pypryg = Rs 11%/10 /2,
which are the phase losses under conventional operation. For the first four cases in Table A1,
the corresponding phase currents (ina, inp, and ivge) and local conduction losses pyma () =
Rgi%y, (t) are shown in Figure A8a—d for phase a with fp = 100 Hz and worst-case conditions.
While the analysis is conducted for fg > fgmin = P@min/ (271) = 4Hz, with fgm, derived
as in Appendix A, the results are also, of course, valid for fg < — fgmin (the opposite
direction of rotation).

Each case is separated below to detail the calculations behind the results of Figure A8
and Table A1.

Appendix C.1.1. Case A, fg > fp

In this case, the superposition maintains three distinct frequencies with the amplitudes
given in Table Al. The RMS stress is the superposition of the three sines, as:

2 2 2
_1 1l , Thvo _ 31w

2 2 _
The conduction losses are Pypy; = 3/2 Pypryp for a single phase and Pynjcond = 9/2 Pypro
for the three-phase system. The waveforms are shown in Figure A8a at fg = 120 Hz, with
symmetrical stresses across the three phases verified.

Appendix C.1.2. Case B, fg = fp

With the frequencies equal, the result is two distinct frequency components with a
DC-offset, since fijj = 0 Hz. The DC magnitude in phase a is Iyg9/2 sin g, and, since both
sines are multiples of the power pulsation frequency, there is a standing wave, as shown in
Figure A8b. Because the phase currents are locked with the power pulsation frequency, the
conduction losses of the phases are asymmetric.

The RMS stress in phase a is I%Ha’rms = (5+2sin’eg) /4 I?,/2, which now depends on
€p, or the position at which the frequencies lock. For ¢y = 0, which is the minimum stress

for phase a, the RMS current is II%Ha ms = 0/4 11%/[0 /2 and for ¢y = 71/2, the maximum stress

for phase g, the RMS current is I%Halrms =7/4 11%/10 /2. The maximum conduction loss for a
phase, then, is Pyprmax = 7/4 PypHo, an increase of 16% for losses in a particular phase.
Because the two remaining phases are 120°-phase-shifted, though, the total losses remain
the same at Pypieond = 972 PypHo-

Table Al. Overview of phase current stress, with a special emphasis on asymmetry, at different motor
speeds and frequency ratios with Iyjg equal to the g-current magnitude in conventional operation.

Condition

fi=fe

o o o /
fi=fe+fr fu=fc—fr Inva,i/Tvo Ivaii/ o Imajiii/ Imo Pypttmax/  PyMcond

Pypno Pypno
@ fg > fe fg > 0Hz >0Hz >0Hz 1 1/2 1/2 3/2 9/2
®) fr = fr fg > 0Hz 2fg > 0Hz =0Hz 1 1/2 1 sin(eg) 7/4 9/2
© fp/2< fg < fp fe > 0Hz >0Hz <0Hz 1 1/2 1/2 3/2 9/2
) fp/2 = fg fg > 0Hz 3fg > 0Hz —fg <0Hz 5 — cos(2¢) 1/2 - 5/2 9/2
(@) femin < fe < fp/2 fg > 0Hz >0Hz <0Hz 1 1/2 1/2 3/2 9/2
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Figure A8. (a—d) Motor phase currents and corresponding local conduction losses for different
electrical frequencies fg and fp = 100 Hz, indicating asymmetrical phase stress for particular cases of
frequency ratios.

Appendix C.1.3. Case C, fp/2 < fg < fp

This case again results in three distinct frequencies, as in Case a, with the waveforms
shown in Figure A8c for fg = 80 Hz.

Appendix C.1.4. Case D, fp/2 = fg

Here, two sine functions collapse into one, with f; = — fiii = fg, so for fp = 100 Hz, the
resultis fi = — fii = fg = 50 Hz with an amplitude of Iyjo+/5/4 — cos(2¢q). fi; oscillates at
3 fg with an amplitude of Iy /2.

These conditions result with iy, (f) equal to nearly i (t), as shown in Figure A8d
for fg = 50Hz. The asymmetry between the phases is increased further, with the RMS
current stress for phase a of I%Ha’rms = [6 — 4cos(2¢p)] /4 I3,/2 for &g = 0 (minimum stress

for phase a) and I%Ha’rms =1/2 11%/[0/ 2 and for gy = /2 (maximum stress for phase a)

at I, - =5/212,/2. The maximum conduction losses for a particular phase are
PypHmax = 5/2 Pypry, an increase in 66% over the symmetric case. Again, the total losses
remain the same due to the phase shift between the phases.

Appendix C.1.5. Case E, fgmin < fg < fp/2

This case is identical to Case c.

The total losses for this condition, even at the maximum phase stress, remain the same
as for every other frequency ratio. With total losses identical, the primary remaining con-
sideration is the thermal time constant of the key components—the motor and the inverter
power semiconductors—in the vicinity of these key corner cases to verify safe operation.

The motor winding time constant is approximated as 7y, = 50s and a faster time
constant of 1y, = 0.1s is used for the MOSFET power semiconductors [99]. With these time
constants, the system can be designed to operate outside restricted frequency ranges as
|p@w| = 27 fp (see Case b), |paw| = 1t fp (see Case d), and |@| > |@min|, with a 0.01 Hz width
for the slow motor time constant and a 5 Hz width for the faster power semiconductor time
constant. These results are illustrated in Figure A9, where the maximum losses and the
restricted frequency ranges are highlighted. Note that the motor frequencies corresponding
to these restricted frequency ranges can be influenced via the number of pole pairs in the
selected motor.



Electronics 2022, 11, 280

45 of 49

References

_fii,a _flli,b _fé,c _fﬁ,d _fﬁmin fﬁmin fii,d flli,c fii,b fii,a

3.00 e
S _ PVPHmax for Th = 0.1s
g — PVPHmax for Th = 50s
£250
=
R
3
&200f ] |
2
2175
(W
=
5 1.50
g
g
=
1.00 1 1 | |
-150  ~100 =50 0 50 100 150

Electrical Frequency f; = pow / 21
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illustration of the restricted operating areas for different thermal time constants 7y,. The prevented
speed operating range according to Appendix A is indicated by the grey area. The e indicates the
analytical calculations of Table A1.

Appendix C.2. Absolute Average Current

With the RMS current analyzed for each case, next the average current stress of phase 4,
Ifa,avg, for each frequency ratio assuming a non-zero speed, i.e., [@| > Orad/s, is analyzed.

By definition, Inia avg = % fOT |lima (T)|dT. Starting from |ina (£)] = ivq(t) | sin(p@t + €o)|
with ing(t) > 0 A, iMq(t) = Ivo + Ivio cos(27tfpt) is substituted and splitting the equation
as Iva,avg = va[ aavg + f;ﬁla avg/ the results for each part are:

i T, . -
Ill\/Ia,avg = IMTO f() | SIH(pC‘JT + 80)|dT = %IMO (A24)

f\ﬂla,avg = IMTO fOT[| sin(pwt + ¢€o)| cos(2mfpT)]dT. (A25)

Applying the Fourier transform reveals that IIi\é[a, avg = 0Aif pa/(27) = fg # fo/(2m)
withm =1,2,3, ..., so these cases have a symmetrical current stress of Inja,avg = 2/ 70 Imo-

For fg = fp/(2m) withm = 1,2, 3, ..., the average current stress is asymmetrical across
phases, with numerical calculations showing a worst-case increase of 33.3% for m = 1,
6.7 % for m = 2, and <3% for m > 3.

The sum Ivja,avg + IMb,avg + IMcavg = 6/ 70 Ivo, though, remains constant, similar to
the constant total losses in the RMS analysis. There are, therefore, no further restrictions on
the frequency ratio for the MPPB operation from the average current stress.
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