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Abstract—In conventional medium-voltage high-power cas-
caded H-bridge (CHB) drive, a three-phase rectifier is adopted in
each power cell to provide isolated dc-bus voltage for the output
H-bridge. This limits the application of the conventional CHB drive,
where regeneration capability is desired. The regenerative CHB
drive can be made possible by replacing the diode rectifier with
a three-phase IGBT-based active-front-end (AFE) rectifier in each
power cell. However, due to thermal constraints in the high-power
medium-voltage drives, the first challenge of the regenerative CHB
drive is to deal with the extra switching losses introduced by the
IGBT devices. Another challenge of the grid-tied regenerative CHB
drive is to handle the low-voltage sags in the power grid without
triggering unnecessary downtime in transients. In this article, a
novel low-switching frequency control strategy is proposed for the
AFEs in the regenerative CHB drive with low-voltage ride-through
(LVRT) capability. The main harmonic contents generated by the
AFEs with the proposed control strategy can be eliminated by
the existing phase-shifting transformer in the CHB drives. This
allows meeting with IEEE STD 519-2014 requirement with a 60 Hz
switching frequency to minimize the extra introduced switching
losses in steady state. Moreover, LVRT capability is integrated into
the proposed control scheme with reduced current sensor count.
Accompanied with videos, the experiments on a seven-level regen-
erative CHB drive are implemented to validate the feasibility of the
proposed control scheme, which can be extended to regenerative
CHB drives with any voltage levels.

Index Terms—Low grid voltage ride-through, low-frequency
modulation strategy, multilevel regenerative drives.
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I. INTRODUCTION

E LECTRIC motor systems are by far the most important
type of load in industry, using about 70% of the consumed

electricity in the European Union [1], [2]. Medium-voltage
(MV) high-power adjustable speed drives (ASD) have found
widespread applications in various heavy industries, such as in
the oil and gas sectors, production plants, and process industries
[3], [4]. The conventional cascaded H-bridge (CHB) multilevel
inverters prevailed in the MV industrial drive domain due to their
modularity, scalability, and reliability [5], [6]. CHB inverter,
shown in Fig. 1(a), is composed of a number of H-bridge power
cells, which is cascaded on the motor side to achieve the full
MV range with low harmonic distortion. In the conventional
CHB drives, the isolated dc-bus voltages are obtained through
a phase-shifting transformer and three-phase diode-front-end
(DFE) rectifiers, which are shown in Fig. 1(b). The phase-
shifting transformer can produce a set of three-phase secondary
voltages shifted by a certain angle with respect to the primary
voltages. The phase-shifting angles can eliminate low-order
harmonics of the currents at the grid point of common coupling
(PCC) with an improved harmonic profile [7].

However, conventional CHB drives rely on a brake resistor
connected to the dc-bus to absorb the high power when negative
torque is applied to the load motor. It is desirable to integrate the
regenerative capability into the CHB drive that can reconvert the
energy in the load motor back to the main power grid. This regen-
eration feature can bring a significant amount of energy saving
in different industrial applications, such as conveyors, cranes,
and other production lines, where frequent braking operation
is required. According to the studies, with the adoption of the
regenerative ASD system and efficient transmission in the lifts,
the consumed energy can be reduced to 19% when compared
to a conventional lift system using a pole changing drive [2].
Regeneration capability has become a standard technology for
the new generation MV high-power CHB drive when constant
braking is required.

One main challenge of designing an MV high-power regener-
ative CHB drive is to comply with the grid harmonic requirement
code with a minimum switching loss in steady operations. On
one hand, as the current harmonics generated by the regenerative
CHB drive are directly fed back into the grid, it may disrupt other
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Fig. 1. Seven-level regenerative CHB drive. (a) CHB configuration. (b) DFE
(non-Regen) power cell. (c) SCR Regen power cell. (d) IGBT-based AFE Regen
power cell.

types of equipment if excess current harmonics are present. The
current harmonics on the PCC shown in Fig. 1(a) are required
to comply with recommended practice outlined by IEEE std
519–2014 [8], where a maximum total harmonic distortion
(THD) of 5% is allowed. On the other hand, the thermal con-
straints of semiconductor devices and cooling system design im-
pose limits on the introduced power losses for high-power con-
verters [9]. In high-power applications, the IGBT device switch-
ing frequency fsw is normally limited up to 500–600 Hz [10].

Different versions of MV regenerative CHB drive had been
proposed so far targeting a good harmonic profile with the
minimum switching loss. One promising solution [11], [12] is
to introduce a six-pulse thyristor phase-controlled SCR inverter
in each power cell to an existing DFE CHB power cell, which
is illustrated in Fig. 1(c). The main benefit of the SCR inverter
solution is that almost all the low-frequency harmonics gen-
erated by the SCR inverter during regeneration, such as 5th,
7th, 11th, and 13th harmonic components, can be eliminated
by the existing phase-shifting transformer in the motoring and
regeneration. However, SCR being a semi-controlled device,
once the anode current is above the holding current, the gate
loses control. It cannot be turned OFF until the occurrence of the
next zero crossing of the anode current. The safe commutation
of the SCR cannot be guaranteed during the grid voltage sag
[13].The upper leg SCR may be triggered before closing the
bottom leg SCR (pending on the zero current crossings) and
thus results in dc-bus short circuit. Another popular solution
[14], [15] is to adopt the IGBT active front end (AFE) instead

of the DFE rectifier in each CHB power cell, as is shown in
Fig. 1(d). During the motoring operation, the back-diodes of
the IGBT are operated similar to the DFE rectifiers to provide
the isolated dc voltages for the power cells with no additional
switching loss. The IGBTs only start to switch and deliver the
suitable energy from the motor side to the grid in regeneration
intervals [16]. The conventional dq frame control schemes of
the AFE based on SPWM and SVM are widely used in [17] and
[18]. To eliminate the switching sideband harmonics generated
by the SPWM, an asymmetric carrier-shifting SPWM method
is proposed for the regenerative CHB drive in [19] satisfying
the demand of the IEEE std 519-2014 with a 900 Hz switching
frequency. But the limitation of the SPWM method lies in that it
can lead to unacceptably low-order harmonics when operating
at a very low device switching frequency fsw [9], [20], which is
not desirable for the high-power regenerative CHB drives where
a low switching frequency is demanded.

Other existing low switching frequency control strategies,
such as selective harmonic mitigation PWM [21], synchronous
optimal PWM strategy [22], and the model predictive pulse
pattern control [23] had been proposed for the multilevel neutral-
point clamped (NPC) drives to remove the low-order harmon-
ics. However, unlike the NPC drive, all these methods are not
suitable for the regenerative CHB drives because the existing
phase-shifting transformer in the regenerative CHB drive can
naturally eliminate low-order harmonics. There is a need for a
harmonic-friendly low-switching frequency control strategy op-
timized for the regenerative CHB drive where the phase-shifting
transformer is presented.

Another critical challenge of the regenerative CHB drive is
to handle momentary voltage disturbances in the power grid
without triggering unnecessary downtime [2]. More than 62% of
the disturbances recorded in the grid disturbances were voltage
sags with a duration of less than 0.5 s according to the studies
in [24]. A momentary voltage sag can trigger an immediate
overcurrent tripped out in the AFEs and cause a significant loss
in revenue and costly downtime. Industries have reported losses
ranging from $10 000 to $1 000 000 per disrupting event [25].
These losses can be significantly reduced for critical production
processes by integrating ride-through capabilities in the new
regenerative CHB drive according to IEEE std 1566-2015 [26].
As is described in IEEE std 1566-2015, the drive system shall
ride through and maintain control of the motor during an input
power voltage sag down to 65% of nominal for a duration of
500 ms. Although some work [25], [27] has been done on the
low-voltage ride through in the ASDs, no work has been found
on the MV regenerative CHB drive which usually operates with
a very low switching frequency.

To tackle the previous illustrated two challenges, this article
proposed an advanced controller for the IGBT-based regener-
ative CHB drive, shown in Fig. 1(d), that can comply with
the IEEE std 519-2014 harmonic requirement with fundamen-
tal switching frequency (FSF) in steady operation state and
meanwhile have the extended low-voltage ride-through (LVRT)
capability for momentary transient operations.

The contributions of the proposed control strategy can be
substantialized as follows:
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1) In steady-state operation, a good harmonic profile that
complies with IEEE std 519-2014 is achieved with a low
switching frequency fsw at 60 Hz, which cannot be done
with existing SPWM control strategies under the same
switching frequency.

2) Unlike the SCR-frond-end solutions, the transient LVRT
capability can be obtained by integrating the current hys-
teresis controller with the proposed switching frequency
method. The hysteresis switching is only activated during
momentary operation providing high control bandwidth
during voltage sags.

3) Moreover, to further reduce the system cost, a dc-bus
current estimator is proposed based on the IGBT gratings
and phase currents to reduce one current sensor in each
power cell of the regenerative CHB drives.

Section II introduces the proposed FSF control strategy.
Section III demonstrates the proposed FSF control with the
extension of the LVRT capability. The proposed control strategy
is verified on a seven-level CHB drive experiment setup in
Section IV. Finally, conclusions are drawn in Section V.

II. PROPOSED FSF CONTROLLER AND LIMITATION

Unlike the other IGBT-based AFE control strategies based
on dq rotating frame, in this article, the AFE IGBTs work in a
manner similar to the “thyristors” in the phase-controlled SCR
inverter shown in Fig. 1(c). Without introducing extra switching
sideband harmonics, the main advantage of the proposed FSF
control strategy is that the harmonic contents generated by the
AFE are at a low-order harmonics range, such as 5th, 7th, 11th,
and 13th harmonic frequencies, which can be further eliminated
by the existing phase-shifting transformer. This superb merit
allows satisfying the harmonic requirement IEEE std 519-2014
with the FSF, which is desirable for the MV high-power regen-
erative CHB drives. In this section, the harmonic cancellation
mechanism of the phase-shifting transformer is first analyzed.
Then the FSF control strategy (fsw = 60 Hz) is introduced
for the regenerative power cell. Without losing the generality,
the proposed control scheme is studied based on a seven-level
regenerative CHB drive. It can be further extended to other
regenerative CHB drives due to the modular power cell structure.

A. Harmonic Cancellation of Phase-Shifting Transformer

Special attention had to be paid to the fact that a number of
regenerative power cells are parallel connected to the grid via
a phase-shifting transformer. A number of low-order harmonics
generated by the AFEs can be naturally removed by the existing
phase-shifting transformer. In a conventional MV CHB drive,
the phase-shift among the secondary windings of a typical
phase-shifting transformer can be formulated as 60°/Ns, where
Ns is the number of the cascaded power cell in each phase of
the CHB drive. For example, as is shown in Fig. 1(a), three
power cells are cascaded in each phase (Ns = 3) for a seven-level
CHB drive with an 18-pulse phase-shifting transformer. In the
18-pulse phase-shifting transformer, a 20° (60°/3) phase angle
displacement is between any two adjacent secondary windings
in each phase. Four dominant harmonics (the 5th, 7th, 11th, and

13th) can be naturally eliminated by the 18-pulse phase-shifting
transformer in the seven-level CHB drive [3]. Recently, a new
54-pulse phase-shifting transformer is obtaining more and more
attention for seven-level CHB drives by introducing an extra
6.7° phase-shift among the power cells in different phases [28].
All harmonics below 50th can be eliminated by the 54-pulse
phase-shifting.

B. Proposed FSF Control Diagram for AFE

As the IGBTs in the AFE work in a similar manner to the
“thyristors” in the SCR inverter, as is shown in Fig. 2(a), the
FSF control strategy for the AFE is developed from the SCR
inverter control scheme. Specifically, in regeneration operation,
the regeneration power comes from the motor and flows into the
dc bus through the H-bridge in each power cell. The firing angle
and conduction angle of each IGBT in AFE are controlled and
regulated in a pattern to deliver a suitable amount of power into
the grid to prevent hitting the dc-bus overvoltage limit.

As is shown in Fig. 2(a), when the power flow back from the
load raises up the dc-bus voltage udc, the dc voltage PI regulator
will increase the average dc-bus current Idc0˙ref reference flowing
from the dc bus into the AFE inverter. The dc-bus current PI
regulator will respond to this reference change and increase the
average dc-bus current Idc0 by adjusting the IGBTs firing angle
α in the switching pattern in the AFEs, delivering more power
from the dc bus to the grid and stabilizing the dc-bus average
voltage at its defined reference udc0˙ref.

The proposed switching pattern modulator is shown in
Fig. 2(b), where the IGBTs in the AFE are labeled as S1 to
S6. The opening of the upper leg A-phase IGBT S1 is delayed
by the firing angle α degree from the zero-crossing point of the
A-phase voltage. The conduction angle φ of each AFE IGBT
is 1200. The same rule applies to the upper leg IGBT S3 and
S5 in the B-phase and C-phase. The bottom leg IGBTs S4, S6,
and S2 gating signals are 180° delayed from their counterpart
upper leg IGBTs S1, S3, and S5, respectively. Therefore, there
are six switching states where two out of six IGBT switches
are ON states: 61, 12, 23, 34, 45, and 56. With this switching
pattern, by adjusting the firing angle α, different average dc-bus
current Idc0 can be injected into the grid through the AFE. In
the steady state, the average power delivered to the grid by the
AFE equals the average power coming from the H-bridge. The
desired average dc-bus output current to the AFE is

Idc0 =
Re (voi

∗
o)

udc0
(1)

where vo is the H-bridge output voltage phasor and i∗ois the
conjugate of the H-bridge output current phase vector. udc0 is
the average dc-bus voltage of the AFE.

Instead of controlling the 60 Hz ac current injected into the
grid by each AFE based on dq rotating frames, the proposed
FSF method controls the average dc-bus current Idc0 through
the AFE to stabilize the dc-bus voltage during regeneration with
a FSF.
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Fig. 2. Fundamental switching frequency control for AFE. (a) Control scheme. (b) Switching pattern.

Fig. 3. Proposed FSF control for regenerative CHB drive with low-voltage ridge-through capability enhancement.

III. PROPOSED FSF CONTROL WITH LOW-VOLTAGE

RIDE-THROUGH CAPABILITY ENHANCEMENT

As is shown in Fig. 2, low-pass filter and PI regulators are
adopted in the FSF controller offering the particular benefit of
controlling a constant dc-bus voltage by adjusting the firing an-
gle. However, this controller has a limited control bandwidth for
dynamic performance. When the grid voltage sag happens, the
controller shown in Fig. 2 cannot respond in time to suppress the
peak current of the phase currents at the input of the regenerative
power cell and thus triggering an immediately overcurrent down-
time. This is not desirable and must be considered in industry
applications. In this section, LVRT capability is extended into
the proposed FSF control scheme during the grid voltage sags.

A. Proposed Control Scheme

The proposed FSF controller with LVRT enhancement is
shown in Fig. 3. In order to get a quick response under grid
voltage sags transient, a hysteresis band current controller is
introduced with the input phase currents to generate the chop-
ping signals. The IGBT gatings are created by AND operation
between the switching state determined by the FSF controller
and the chopping signal from the current hysteresis controller.

Fig. 4. Hysteresis band current controller.

The implementation of the hysteresis controller on A-phase
current is shown in Fig. 4 [29]. When A-phase current ia ampli-
tude reaches the allowable peak current Ipeak˙ref, the chopping
signals for IGBT S1 and S4 are zero. With S1 and S4 gating
closed, A-phase current will decrease until triggering the hys-
teresis band. This hysteresis band current control can provide the
AFE with an extremely high control bandwidth during the grid
voltage sag intervals. Although the hysteresis chopping signal
may introduce a high switching loss. However, this is not a
problem as most grid voltage sag will only last for a few cycles
such as duration of 500 ms stipulated in the IEEE std 1566-2015.

B. Proposed DC-Bus Current Estimator

As previously discussed, to obtain the LVRT capability, extra
two current sensors are required to be added in each power cell
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Fig. 5. S1, S6 switching state for DC-bus current estimation. (a) S1S6 ON. (b) Only S1 ON. (c) S6 ON.

for implementing the current hysteresis band controller. Mean-
while, as is shown in Fig. 2, the dc-bus current is also required
to be measured for the FSF controller. To reduce the number of
the total current sensors, as is shown in Fig. 3, instead of adding
an extra dc-bus current sensor, the dc-bus current is real-time
estimated through the proposed dc-bus current estimator based
on the AFE IGBT gatings and input phase currents.

There are six switching states in the switching pattern from the
proposed FSF controller shown in Fig. 2. When S1, S6 switches
are ON state, as is shown in Fig. 5(a). If the C-phase current ic is
positive flowing through the back-diode of IGBT S2, then the dc-
bus current ĩdcequals the A-phase current ia due to Kirchhoff’s
current law (KCL). On the other hand, if C-phase current ic is
reversed, the diode in S5 IGBT is conducted. The dc-bus current
ĩdcequals the B-phase current −ib based on KCL. As a result,
when S1, S6 switches are ON, the estimated dc-bus current ĩdccan
be calculated depending on the C-phase current ic direction

ĩdc =

{
ia ific> 0
−ib ific ≤ 0.

(2)

During the grid voltage sag interval, S1 or S6 may be closed
by the introduced hysteresis band current controller when A-
phase or B-phase current reaches the allowable maximum cur-
rent. When S6 is turned OFF by the B-phase hysteresis current
controller during the grid voltage sag interval, as is shown in
Fig. 5(b) with only S1 ON, the dc-bus current in this situation
can be estimated based on the B- and C-phase current direction

ĩdc =

⎧⎪⎪⎨
⎪⎪⎩

ia if ib > 0 and ic> 0
0 if ib < 0 and ic< 0
−ib if ib ≥ 0 and ic< 0
−ic if ib < 0 and ic ≥ 0.

(3)

As is indicated in (3), based on the current directions in the
B- and C-phase, the conduction of the back-diodes in the B-
and C-phase IGBTs can be determined. After determining the
back-diodes conduction conditions, the dc-bus current can be
calculated through the KCL.

Similarly, when S1 is turned OFF by the A-phase hysteresis
current controller during the grid voltage sag interval, as is
shown in Fig. 5(c) with only S6 ON, the estimated dc-bus current
ĩdccan be calculated depending on the A- and C-phase currents
directions

ĩdc =

⎧⎪⎪⎨
⎪⎪⎩

0 if ia > 0 and ic> 0
−ib if ia < 0 and ic< 0
ic if ia ≥ 0 and ic< 0
ia if ia < 0 and ic ≥ 0.

(4)

TABLE I
SEVEN-LEVEL REGENERATIVE CHB DRIVE EXPERIMENT

The dc-bus current is now estimated during the S1, S6 switch-
ing ON state through (2)–(4). A similar analysis can be applied to
the other five switching states12, 23, 34, 45, and 56. The dc-bus
current can be reliably estimated through the proposed current
estimator reducing the number of the required current sensors
in the system.

IV. VALIDATION AND DISCUSSION

To validate the feasibility of the proposed FSF control scheme
with LVRT capability, an experimental prototype is built based
on a seven-level regenerative CHB drive. As shown in Fig. 6,
an ABB ACS800 regenerative drive is operated in the torque
mode to provide negative load torque to one of the back-to-back
induction machines. A seven-level regenerative CHB drive with
an 18-pulse phase-shifting transformer is to control the other
induction machine. The regenerative power will flow from the
load machine to the NHR 9340 grid simulator through the
regenerative CHB drive. An induction motor control algorithm
is implemented in the dSpace controller. A TI DSP28379d is
adopted for each regenerative power cell implementing the pro-
posed FSF control algorithm. Fluke 438 power quality analyzer
is used to provide accurate harmonics and THD measurement.
System parameters are shown in Table I.

A. Steady-State Performance

The proposed FSF control strategy (fsw = 60 Hz) with LVRT
capability is implemented on the illustrated seven-level regen-
erative CHB drive experimental platform. To reduce the sensor
number, the dc-bus current idc is estimated with the proposed
current estimator based on the IGBT switching gating and
measured phase currents. As is shown in Fig. 7, in a steady
state, the estimated dc-bus current ĩdcmatches the measured
dc-bus current idc. Compared with the measured dc-bus current
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Fig. 6. Prototype of the seven-level CHB drive system.

Fig. 7. DC bus current estimation and measurement.

idc, some small estimation error exists during IGBT switching
transient due to the diode recovery effect and time-step limitation
of the estimator implementation. However, as is shown in Fig. 3,
it is not an issue since only the average dc-bus current Ĩdc0is
required to be used for the proposed FSF control. To obtain the
dc component on the dc-bus current Ĩdc0 , a second-order 20 Hz
bandwidth low-pass filter is adopted for the estimated dc-bus
current ĩdcin the experiment.

With the proposed FSF control strategy, the phase currents
Ia, Ib, and Ic generated by the AFE on the secondary side of
the transformer are shown in Fig. 8(a) during the regeneration
interval. The main harmonic contents generated by the AFE are
mainly distributed at 5th, 7th, 11th, 13th, 17th, and 19th-order
frequencies. This can be seen from the harmonic profile obtained
from Fluke 438 shown in Fig. 8(b). A 10 V 120 Hz dc-bus
voltage ripple is present in each regenerative power cell when
the H-bridge outputs 60 Hz voltage to the load induction ma-
chine. With the proposed switching pattern at a 60 Hz switching
frequency, the current THD generated by the AFE in each power
cell reaches as high as 30%. However, this is not an issue since
the main current harmonic contents generated by the AFE are
positioned below 17th-order frequency which can be eliminated
by the existing 18-pulse phase-shifting transformer among dif-
ferent power cells. As is shown in Fig. 8(c) and 8(d), with
the main current harmonics eliminated by the transformer, the

TABLE II
54 PULSE PHASE-SHIFTING TRANSFORMER ILLUSTRATION

remaining harmonics components reflected to the primary side
of the 18-pulse phase-shifting transformer are mainly 17th and
19th order. The THD at the PCC of the regenerative CHB drive
is dramatically reduced to 4.7% with the switching frequency as
low as 60 Hz. It is noted that, as shown in Fig. 8(d), there is an
emerging third-order current harmonic only at the transformer’s
primary side due to the magnetizing current in the phase-shifting
transformer.

To further remove the 17th-order and 19th-order harmonics
at the PCC, a 54 pulse-shifting transformer is further studied
for the seven-level regenerative CHB drive in the experiment.
As is shown in Fig. 1(a), the regenerative power cells in the
CHB drives are labeled as Px, where P denotes A, B, and C
phases and x denotes the cell number and can be 1,2,3, …,N.
For example, A1 denotes the first regenerative power cell in
the A-phase. The secondary windings’ phase-shifting angles of
a 54-pulse transformer are shown in Table II. Compared with
the conventional 18-pulse phase-shifting transformer, an extra
6.7° is introduced among the secondary windings in different
phases [28].With the 54-pulse phase-shifting transformer, as is
shown in Fig. 9, the THD at the PCC of the regenerative CHB
drive is further reduced to 2.1%. Moreover, with the both 17th-
and 19th-order harmonic removed, IEEE std 519-2014 can be
fulfilled with an FSF (60 Hz), which is impossible with the
existing SPWM control strategies.

B. Transition From Motoring to Regeneration

Unlike the conventional AFE controller based on dq rotating
frame PWM methods, the proposed method keeps the AFE
IGBTs OFF state during the whole motoring operation. The
back-diodes of the AFE IGBTs are operated as three-phase diode
rectifiers to provide the isolated dc-bus voltages for the power
cells during motoring. It is equivalent to the conventional DFE
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Fig. 8. Steady-state performance with 18 pulse phase-shifting transformer. (a) Transformer secondary side current. (b) Harmonics in secondary side current. (c)
Transformer primary side current. (d) Harmonics in primary side current.

Fig. 9. Steady-state performance with 54 pulse phase-shifting transformer. (a)
Transformer primary side current. (b) Harmonics in primary side current.

CHB drives. Only in regeneration operations, do the AFE IGBTs
start to switch and deliver the suitable energy from the motor side
to the grid to maintain a constant dc-bus voltage. In this way,
the proposed method provides a better way of using the existing
phase-shifting transformer in both motoring and regeneration
operations with minimum loss.

The AFE output currents Ia, Ib, and Ic, and dc-bus voltage
udc are shown in Fig. 10(a) during the transition from motoring
to regeneration. As is shown in Fig. 10(a), during the motoring
operation before t1, the regenerative CHB drive is operated in
a way similar to the conventional DFE CHB drive as the AFE
IGBTs are at OFF state. The grid current Iap, Ibp, Icp, and line
voltage VBC are shown in Fig. 10(b), the transformer’s primary
side current is mainly the transformer magnetizing current since
there is no torque load in motoring. After injecting the negative
torque into the induction machine, energy flows back from the
load machine to the regenerative power cells, and the dc-bus
voltage in the power cell tends to increase. Once the dc-bus
voltage hits the preset protection value at 130 V at t1, the
proposed FSF controller is then triggered, AFE IGBTs will then
start to switch and deliver the energy from the machine side to
the grid during regeneration at 60 Hz switching frequency. The
proposed controller will bring back the dc-bus voltage to the
reference value at 110 V, thus achieving a regeneration steady
state. Harmonics of the grid currents are eliminated with the
proposed FSF method in the steady state.

C. Dynamic Performance Under Grid Voltage Sag

As is previously illustrated, in the proposed FSF control
scheme, extremely high control bandwidth is obtained by in-
tegrating the hysteresis band current controller to avoid unnec-
essary overcurrent downtime during the grid low-voltage sags.
The AFE output currents Ia, Ib, and Ic, and dc-bus voltage udc
are shown in Fig. 11(a). The grid current Iap, Ibp, Icp, and line
voltage VBC are shown in Fig. 11(b). During the regeneration
operation, the grid three-phase voltages at the primary side of
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Fig. 10. Motoring to regeneration transition with the 54 pulse phase-shifting
transformer. (a) Cell current and dc bus Voltage. (b) Transformer primary side
current and line voltage.

the phase-shifting transformer are stepped down from 240 to
156 V by the grid simulator NHR 9340 at t1, which is outlined
by the IEEE std 1566-2015 [26]. The LVRT capability is studied
with the proposed FSF control scheme. As is shown in Fig. 2,
the inductors between the AFE and the transformer secondary
winding suffer the voltage difference between the grid voltage
and AFE output voltages. As the grid voltage drops immediately
while the AFE output voltage remains the same at t1 time step,
it will lead to a high rush current on the inductor delivering
increased power from the AFE to the grid, which is shown in
Fig. 11(a). As the regeneration power coming from the load
remains the same, the dc-bus voltage drops responding to the
grid voltage sag. During the t1 and t2 grid voltage sag interval,
as is shown in Fig. 11(c), the proposed dc voltage controller will
try to stabilize the dc voltage around its given reference at 110
V by adjusting the reference current I∗dc0through the dc voltage
regulator. The firing angle α of IGBT S1 in AFE is saturated to

the limit at 60°. It is noted that the implementation of the dc-bus
current PI controller is in the convention of the current-controlled
SCR [30], where the firing angle increases when the dc-bus
reference current is less than the measured dc-bus current. The
simulation of the conventional dc-bus current control scheme
can be achieved from [30].

As is shown in Fig. 11(a), the phase currents of the AFEs
are required to be increased to deliver the same amount of
regeneration power from the load to the grid during the voltage
sag. The AFE phase currents may hit the maximum allowable
peak current limit. The hysteresis current controller can pro-
vide a fast response to keep the maximum phase currents of
the AFE below the allowable protection value by introducing
extra chopping during the voltage sag interval. As is shown in
Fig. 11(a), the hysteresis band is between [9 A, 14 A] and the
switching frequency is around 240 Hz during the voltage sag
intervals. Different hysteresis bands can be adopted based on the
switching frequency limitation during the voltage sag transient.
At t2 time step in Fig. 11(b), the three-phase grid voltage at the
primary side of the transformer is stepped back to normal at 240
V. The dc-bus voltage in the power cell increases immediately
as less power is converted from the AFE to the grid during this
transient. After that, the dc-bus voltage and three-phase current
finally come back to a steady state. During the grid voltage sag
intervals, the proposed controller responds in time to suppress
the peak current of AFE below the protection limit at the input of
each regenerative power cell avoiding triggering an immediate
overcurrent downtime. It is noted that the hysteresis switching is
only activated during the grid voltage sag transients, such as 500
ms outlined by the IEEE std 1566-2015. The system is forced
to shut down due to grid fault if grid voltage sag persists.

D. Loss Comparison With Existing Control Strategies

The losses comparative study between the proposed strategy
and existing SPWM control strategies has been conducted under
the same requirement that IEEE std 519-2014 is met at the grid
side of the regenerative CHB drives. A 1 MW, 3 kV, and seven-
level regenerative CHB drive is designed for comparison. The
dc-bus’s total capacitance is 4700μF (assume the total ESR is 10
mΩ). The FF200R17KE4 has been adopted for the AFE IGBTs.
Infineon IPOSIM software was used to calculate devices’ power
losses and IGBT junction temperatures under different PWM
strategies.

As is shown in Table III, the existing PWM control strategies
[19], [31] require a minimum of 900 and 1980 Hz, respectively,
to meet the IEEE std 519-2014 for a seven-level CHB drive.
However, the proposed method dramatically brings the required
switching frequency to 60 Hz meanwhile satisfying IEEE std
519-2014. This can result in a significant reduction in power
losses and junction temperature in each power cell. This switch-
ing loss minimization in the proposed control strategy can lead
to a reduction in the manufacturing cost of the regenerative
CHB drives due to the reduced cooling requirement. Moreover,
the proposed fundamental switching method will not sacrifice
the dc voltage ripple compared with the conventional SPWM
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Fig. 11. Low voltage ride through performance. (a) Cell currents and dc bus voltage. (b) Grid current and voltage. (c) S1 IGBT firing angle and DC current
reference control signal.

TABLE III
AFE IGBT LOSS COMPARISON IN ONE POWER CELL MEETING IEEE STD 519-2014

method [19], [31]. This is because the main component of the
dc-bus voltage ripple is still twice the output frequency due to
the structure of the CHB power cell [32]. The dc ripple caused
by the control strategy is thus limited.

Compared with the conventional SCR-front-end solution
[12], [33], with a similar dc-bus current control scheme [30], the
proposed fundamental frequency control strategy can achieve a
similar harmonic performance satisfying IEEE std 519-2014 at

the grid PCC in steady state. More important is the fact that
there is no potential commutation failure issue for the IGBT
devices during the voltage sags. LVRT capability can be obtained
with the proposed solution without adding additional power
devices into the power cells [13], which is impossible with
conventional SCR-front-end solutions [12], [33]. Beyond that,
the dc-bus current is estimated with the proposed algorithm to
further reduce the sensor count and system cost.
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V. CONCLUSION

In this article, a new low switching frequency control strategy
with extended LVRT capability is proposed for the high-power
MV regenerative CHB drive. It allows operating the regenerative
CHB drive at the 60 Hz switching frequency and meanwhile
meeting the harmonic profile requirement IEEE std 519-2014
in steady-state operation. Moreover, the LVRT capability is
integrated into the proposed controller by introducing hysteresis
switching only in momentary operation. Beyond that, a dc-bus
current estimator is proposed to further reduce the required
current sensor count and cost.

To fully take advantage of the phase-shifting transformer,
instead of controlling the injected ac current components based
on the dq orαβ frames in conventional grid connection strategies
[19], [31], the proposed FSF method controls the average dc-bus
current through the AFE to stabilize the dc-bus voltage during
regeneration with a low switching frequency. With the proposed
switching pattern, the main harmonics generated by the AFEs
can be removed by the existing phase-shifting transformer in
the regenerative CHB drive thus complying with the IEEE std
519-2014 at the PCC in steady operation. What is more, to
avoid overcurrent downtime during the grid voltage sag, current
hysteresis switching is integrated with the FSF control scheme.
An extremely high control bandwidth is obtained to suppress the
phase current during the momentary grid voltage sag. Beyond
that, a dc-bus current estimator is proposed based on the IGBT
gatings and phase currents to further reduce the number of the
current sensors and thus reduce the system cost.
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