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A Wide Bandwidth GaN Switching Power Amplifier
of Active Magnetic Bearing for a Flywheel

Energy Storage System
Hong-Jin Hu , Kun Liu, Haoze Wang , Member, IEEE, and Jing-Bo Wei

Abstract— A switching power amplifier (SPA) provides the
driving current for an active magnetic bearing (AMB) to achieve
magnetic suspension (MS) control. The performances of the current
bandwidth and current ripple should be significantly considered in
the SPA of the AMB. The SPA can obtain a wide bandwidth by
increasing the dc-link voltage. However, a high dc-link voltage will
cause a high current ripple. To achieve a wide bandwidth and low
current ripple, a new GaN-device-based SPA for the AMB of a
flywheel energy storage system (FESS) is proposed in this article.
The GaN SPA can operate at a high switching frequency and high
dc-link voltage. Thus, the GaN SPA can improve the performance
of the current bandwidth and current ripple compared to the
conventional SPA. According to the characteristics of the GaN
SPA, a low-loss PWM method and an optimal dead time strategy
is proposed to increase the efficiency of the SPA. Furthermore,
a high-response control approach of dead-beat model predictive
control is proposed to further improve the current bandwidth. The
proposed GaN SPA is applied in a 500-kW MS FESS prototype.
The effectiveness of the SPA is verified experimentally.

Index Terms—Active magnetic bearing (AMB), flywheel energy
storage system (FESS), GaN device, switching power amplifier
(SPA).

I. INTRODUCTION

ENERGY storage systems (ESSs) play an increasingly sig-
nificant role in industrial applications. Among the variety

of ESSs, flywheel energy storage systems (FESSs) have several
advantages, including fast response, high instantaneous power,
high efficiency, low maintenance, and long lifetime [1], [2], [3].
As a result, FESSs have been utilized in many applications, such
as electric vehicles [4], [5], railways [6], wind generators [7], [8],
photovoltaic systems [9], microgrids [10], UPS systems [11],
[12], and aerospace systems [13], [14]. In FESSs, the energy is
stored in a high rotation speed flywheel rotor. The flywheel rotor
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is generally suspended by an active magnetic bearing (AMB)
system to achieve a high rotation speed without friction. The
AMB should be driven by a power amplifier (PA) to generate
a suspension force. Based on the literature, the performances
of the current bandwidth and current ripple of the PA should be
significantly considered [15], [16]. One reason for the need for a
wide bandwidth is that the flywheel rotor will suffer from a high-
frequency exciting force caused by the rotor eccentric mass. The
PA should have the ability to generate a high-frequency current to
overcome the exciting force. Additionally, increasing the current
bandwidth is an effective way to overcome the whirl motion of
the flywheel rotor and enhance the stability of the AMB control
system. The PA in the AMB also requires a low current ripple,
because the current ripple causes a force ripple, which reduces
the control accuracy.

The PA in the AMB can be divided into the linear power
amplifier (LPA) and the switching power amplifier (SPA) [17],
[18]. Compared to the SPA, the LPA has a poor performance in
terms of volume and efficiency. Thus, the SPA is most commonly
used in AMBs, and PA research is almost entirely focused on the
SPA. To increase the bandwidth of the SPA, many methods have
been proposed in recent years. One of the major ways to broaden
the bandwidth is to increase the dc-link voltage of the SPA. In
[19], the relationships among bandwidth, current ripple, dc-link
voltage, coil resistance, and coil inductance were analyzed. The
SPA can obtain a wider current bandwidth and a faster current
response by increasing the dc-link voltage. However, increasing
the dc-link voltage will cause a large current ripple. The current
ripple will cause a magnetic force ripple and vibration to the
flywheel rotor. To suppress the current ripple, a current-mode
three-level PWM SPA was proposed in [20]. The current ripple
can also be reduced by increasing the switching frequency.
However, the general Si-base SPA of the AMB is generally
limited to a switching frequency of 20 kHz. Applying a wide
band gap (WBG) device can broaden the switching frequency.
In [15] and [21], the WBG device SiC MOSFET was utilized in
the SPA. The SPA can achieve a high dc-link voltage and high
switching frequency by using the WBG device. The utilization
of WBG devices in the SPA is a promising approach to achieve
a wide bandwidth and low current ripple.

Increasing the dc-link voltage is an efficient way to broaden
the bandwidth. However, the dc-link voltage is limited by electri-
cal insulation. While maintaining the same dc-link voltage, the
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bandwidth can be further increased by implementing a suitable
current control method. In [22], an adaptive gain control method
was proposed for the SPA of the AMB to increase the response
speed, reduce the static error, and reduce the current ripple. In
[23], an improved current control strategy with model prediction
was proposed to achieve a fast response and wide bandwidth.
Model predictive control (MPC) is regarded as a high-response
control method. Several MPCs have been applied in the SPA to
increase the bandwidth and response speed. In [24], a model
predictive current control (MPCC) was used in the SPA to
compensate for the time delay, which can increase the band-
width and reduce the control error. In [25], a finite control set
MPCC was proposed for the Wheatstone-bridge-winding AMB
to increase the current bandwidth. The finite-control-set model
predictive current control (FCSMPCC) can directly obtain the
switching state without the requirement of the PWM module,
which shows a concise control structure. In [26], the FCSMPCC
was proposed for the five-phase six-leg SPA to achieve a high
dynamic response and low steady-state error. From the literature,
the MPCC shows several superior performances in the SPA,
including a wide bandwidth, high response, and high accuracy.
The MPCC is a promising control method for the current control
for the SPA.

Increasing the dc-link voltage and switching frequency is an
efficient way to obtain a wide bandwidth and low current ripple.
Currently, most SPAs are developed by Si-based devices. The
switching frequency of the Si-based SPA is generally limited to
20 kHz. Several SPAs developed by SiC MOSFET were proposed
in [15] and [21]. The switching frequency can be broadened
to 50 kHz. However, the switching frequency is relatively low
compared to state-of-the-art power electronic devices. It is re-
ported that the GaN HEMT can be operated at a high switch-
ing frequency, which can be larger than 100 kHz [27], [29].
Applying the GaN HEMT to the SPA of the AMB can further
promote the SPA performance. Nevertheless, the GaN HEMT
shows some unique characteristics compared to conventional
devices, which should be considered in the SPA application. The
GaN HEMT does not have an antiparallel diode. When reverse
conduction occurs and there is no gate driving signal, the GaN
HEMT exhibits diode-like behavior. This diode-like behavior
causes a large voltage drop and reverses conduction loss [28],
[29]. Thus, the time that occurs diode-like behavior should be
minimized in the GaN HEMT [30]. In recent years, the dead time
optimization strategies for GaN-based converters were proposed
to reduce reverse conduction loss [30], [34]. The optimal dead
time (OTD) can be obtained through the experimental test [31],
[32]. In this way, the OTD is accurate and reliable. However,
this way is not scalable because it depends on the parameters
of the circuit. When the parameters of the circuit are changed,
a new experimental test is required, which is labor-consuming.
To avoid numerous experiments, the OTD strategies based on a
theoretical switching model were proposed in [30], [33], and
[34]. These theoretical OTD strategies have been applied to
synchronous buck converter [30], clamp flyback converter [33],
and boost converter [34].

H-bridge circuit topology is a commonly used topology in
the SPA [15], [24], and [35]. The H-bridge generally needs a

PWM method to regulate output voltage for current control. In
the SPA, the PWM method can be classified into two-level and
three-level modulation methods [15] and [20]. In the two-level
PWM method, the PWM signal applies to devices of different
bridge arm operates, which will not cause a shoot-through and
have high reliability. However, the two-level PWM requires a
diode freewheeling state. In the diode freewheeling state, GaN
HEMT exhibits diode-like behavior and has a large reverse
conduction loss. In the three-level PWM method, the devices of
the bridge arm require the complementary PWM signal, which
is similar to the synchronization rectifier mode of the dc/dc
converter [36] and [37]. The H-bridge circuit with the three-level
PWM method can avoid the diode freewheeling state. However,
all the device in the H-bridge needs a PWM signal, which will
cause a high switching time and switching loss. Considering
the characteristics of the GaN HEMT, a PWM method that can
avoid diode freewheeling state and reduce switching times is
appreciated in GaN SPA.

In this article, a new GaN SPA is proposed for the AMB.
The GaN SPA can operate at a high voltage and high switching
frequency. Thus, the GaN SPA can achieve a wide bandwidth
and low current ripple. The high switching frequency causes high
switching loss. To reduce the switching loss, a low-loss PWM
method is proposed for the GaN SPA. Considering the diode-like
behavior, an ODT strategy is proposed for reducing the time
duration of diode-like behavior and increasing the efficiency of
the SPA. To further improve the current bandwidth, a dead-beat
MPCC (DBMPCC) is proposed for the GaN SPA. The novelty
and contribution of this article are presented as follows.

1) A new GaN SPA is proposed for the AMB of the FESS to
achieve wide bandwidth and low current ripple. Consider-
ing the characteristics of the GaN SPA, the corresponding
low-loss PWM method, ODT strategy, and DBMPCC are
proposed.

2) An experimental comparison of the proposed GaN SPA
and existing SPA is reported. A comparison of the pro-
posed low-loss PWM method and the existing two-level
and three-level PWM methods is presented. A comparison
of the proposed DBMPCC, conventional PID control, and
existing FCSMPCC is performed.

3) The implementation of the GaN SPA in a five-degree
of freedom (5-DOF) magnetic suspension (MS) control
system is reported.

The remainder of this article is organized as follows. In
Section II, the configuration of AMBs in FEES is presented.
In Section III, the wide bandwidth GaN SPA is proposed. The
topology of the GaN SPA, the low-loss PWM method, and
the ODT strategy are presented. In Section IV, DBMPCC is
proposed for the GaN SPA, and the stability of the DBMPCC is
analyzed. In Section V, an experiment with the proposed GaN
SPA is performed on a 500-kW MS FESS prototype. Finally,
the conclusions are drawn in Section VI.

II. CONFIGURATION OF AMBS IN FESS

An FESS is a type of mechanical energy storage device in
which the mechanical energy is stored in a high rotation speed
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Fig. 1. Configuration of AMBs in the FESS.

Fig. 2. Topology of the proposed GaN SPA.

flywheel rotor. The AMBs are utilized in the FESS to suspend
the flywheel rotor, which can achieve a high rotation speed
without friction. The configuration of the AMBS in the FESS
is shown in Fig. 1. The FESS has three AMBs: the top radial
AMB, bottom radial AMB, and top axial AMB. The radial AMB
has two excitation coils, and the axial AMB has one excitation
coil. Thus, the SPA should generate five-channel currents to the
AMBs of the FESS. By applying the appropriate current, the
AMB system can achieve 5-DOF MS control of the flywheel
rotor. The 5-DOF include the displacements of x, y, and z and the
rotation angles of α and β. The current of the AMB is generated
by the SPA. Thus, the performance of the SPA has a significant
influence on the MS control.

III. PROPOSED WIDE BANDWIDTH GAN SPA

In this section, the GaN SPA is proposed to achieve a wide
current bandwidth and low current ripple. For the proposed GaN
SPA, the topology of the GaN SPA, low-loss PWM method, and
ODT strategy are presented.

A. Topology of the SPA

The SPA of the AMB generally uses a circuit topology of an
H-bridge. The SPA needs to generate a five-channel current to
achieve the 5-DOF MS control. Thus, the proposed GaN SPA
should include five H-bridges, which are presented in Fig. 2. The
GaN HEMT in the SPA needs to employ a gate driver to achieve
turn on or turn off. The gate driver circuit of the GaN SPA is
shown in Fig. 3. The drive circuit requires a suitable turn-on
and turn-off resistor. An excessive small turn-ON and turn-OFF

resistor will cause a switching oscillation and electromagnetic

Fig. 3. Gate driver circuit of the GaN SPA.

interference. An excessive large turn-ON and turn-OFF resistor
will cause long turn-ON and turn-OFF time and significant switch-
ing loss. In Fig. 3, the turn-ON and turn-OFF resistor is presented
as

Ron = R2 = R4 andRoff =
R1R2

R1 +R2
=

R3R4

R3 +R4
(1)

where Ron is the turn-on resistor and Roff is the turn-off resistor.
The five H-bridges of the SPA operate independently. The

excitation coil connected to the H-bridge is equivalent to a
resistance inductance series. Thus, the relationship between the
coil voltage and coil current can be deduced as

dic
dt

= −R

L
ic +

1

L
uc (2)

where ic is the coil current, uc is the coil voltage, R is the coil
resistor, and L is the coil inductance.

According to (1), the coil current ic can be controlled by
controlling the voltage uc. The voltage uc can be generated by
applying an appropriate PWM method.

B. Low-Loss PWM Method

A suitable PWM method should be applied to the GaN SPA
to achieve current control. The switching frequency of the GaN
SPA is high, which will cause a high switching loss. In this
article, a low-loss PWM method is proposed to reduce switching
times. With the proposed PWM method, the two bridge arms
of the SPA operate separately. At the same moment, only one
bridge arm applied the PWM signal. By judging the voltage
sign, one bridge arm generates a positive voltage for the coil,
and the other generates a negative voltage for the coil. Thus, the
switching times of the SPA can be reduced.

When GaN SPA generates a positive voltage, the PWM signals
are shown in Fig. 4. The GaN device Qn4 is kept in the ON state.
The PWM signals are applied to Qn1 and Qn2. At time t1, Qn1 is
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Fig. 4. PWM signals with positive voltage.

Fig. 5. SPA generates positive voltage. (a) Qn1 is ON and Qn2 is OFF. (b) Qn1

is OFF and Qn2 is ON.

ON and Qn2 is OFF, which is shown in Fig. 5(a). The coil voltage
is equal to the dc-link voltage. At time t2, Qn1 is OFF and Qn2

is ON, which is shown in Fig. 5(b). The coil voltage is equal to
zero. When the current is positive at time t2, Qn2 operates in the
state of reverse conduction and has a gate driving signal. Thus,
the GaN HEMT in the SPA can prevent diode-like behavior and
achieve low reverse conduction loss. The relationship between
the average output voltage and the duty cycle can be deduced as

uc =
Udct1
t1 + t2

= DTUdc (3)

where Udc is the dc-link voltage and DT is the duty cycle of the
PWM signal.

When the GaN SPA generates a negative voltage, the PWM
signals are shown in Fig. 6. The GaN device Qn2 is kept in the
ON state. The PWM signals are applied to Qn3 and Qn4. At time
t3, Qn3 is ON and Qn4 is OFF, as shown in Fig. 7(a). The coil
voltage is equal to the negative dc-link voltage. At time t4, Qn3

is OFF and Qn4 is ON, which is shown in Fig. 7(b). The coil
voltage is equal to zero. The relationship between the average

Fig. 6. PWM signals with negative voltage.

Fig. 7. SPA generates negative voltage. (a) Qn3 is ON and Qn4 is OFF. (b) Qn3

is OFF and Qn4 is ON.

voltage and the PWM duty cycle is presented as

uc = − Udct3
t3 + t4

= −DTUdc. (4)

According to (3) and (4), the output voltage of the SPA
is proportional to the duty cycle. The output voltage can be
regulated by the duty cycle.

In the three-level PWM method, four devices of the H-bridge
should apply PWM signals [20]. Compared to the three-level
PWM method, the switching times of the proposed PWM
method can be reduced by half. Two-level PWM has low switch-
ing times [15]. However, the two-level PWM requires a diode
freewheeling state. In the diode freewheeling state, GaN HEMT
exhibits diode-like behavior, which causes a large reverse con-
duction loss. The GaN SPA with the two-level PWM method will
have low efficiency. Compared to the three-level PWM method
and two-level PWM method, the proposed PWM method can
result in a lower loss in the GaN SPA.

C. ODT Strategy

The PWM signals in Figs. 4 and 6 are the ideal signals.
In practice, the GaN HMET has a turn-ON time and turn-

OFF time. Considering the turn-ON time and turn-OFF time,
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Fig. 8. PWM signals with dead time.

Fig. 9. Optimal switching process of Qn1 and Qn2.

the gate PWM signals need a dead-time interval to prevent
shoot-through. The PWM signals with dead-time intervals are
presented in Fig. 8. The dead-time interval in the GaN SPA
cannot be excessively long because GaN will exhibit diode-like
behavior during the dead-time interval. A long dead-time inter-
val causes a large reverse conduction loss. Thus, the GaN SPA
requires an OTD that can prevent shoot-through and minimize
reverse conduction loss.

The optimal switching process for the turn-ON and turn-OFF

processes of Qn1 and Qn2 is shown in Fig. 9. The gate voltage
of Qn1 drops down to the threshold voltage Vth, and the gate
voltage of Qn2 rises up to Vth. In this process, the dead time is
the minimized dead time that prevents shoot-through.

As shown in Fig. 9, the turn-OFF process can be divided into
three stages. In the first stage, the gate voltage drops from Vg

to the Miller voltage Vm. In the second stage, the gate voltage
drops from Vm to Vth. In the third stage, the gate voltage drops
from Vth to zero.

The Miller voltage can be obtained from [38], which is
presented as

Vm = Vth +
ic
gm

(5)

where gm is the transconductance.
The transconductance gm depends on the drain current Ids.

However, the relationship between the current Ids and transcon-
ductance gm is nonlinear. Thus, it is difficult to find the exact
value of the Miller voltage Vm using (5).

A good approximation is to find the average transconductance
gm from the current Ids versus the gate-to-source voltage Vgs

characteristic curve of the device datasheet [39]. The gm is
presented as

gm =
ΔIds
ΔVgs

. (6)

By obtaining the Miller voltage, the duration of the first stage
ta1 can be calculated as

ta1 = RoffCgs ln

(
Vg

Vm

)
(7)

where Cgs is the gate-to-source capacitance.
In the second stage, Cgs and Cgd show nonlinearity during

the Miller platform. Thus, the duration calculated by using the
capacitance model is very complex. The utilization of equivalent
capacitance is an efficient way to calculate the time interval that
the gate voltage deduces from Vm to Vth [30].

In the overall turn-OFF processes, the relationship among the
gate charge quantities is presented as

Qg = Qa1 +Qm +Qth (8)

where Qg is the charge of the overall turn-off processes, Qa1 is
the charge of the first stage, Qth is the charge of the third stage,
and Qm is the charge of the Miler platform process.

The charges of Qth and Qg can be obtained from the device
datasheet. Qa1 can be deduced as

Qa1 = Cgs (Vg − Vm) . (9)

From (8) and (9), the equivalent capacitance of the second
stage can be deduced as

Ceq =
Qg − CgsVg + CgsVm −Qth

(Vm − Vth)
. (10)

Thus, the time interval ta2 can be deduced as

ta2 = Roff
Qg − CgsVg + CgsVm −Qth

(Vm − Vth)
ln

(
Vm

Vth

)
. (11)

The time interval at which the gate voltage rises from 0 to Vth,
i.e., ta3, is deduced as

ta3 = −RonCgs ln

(
Vg − Vth

Vg

)
. (12)

Combining (7), (11), and (12), the OTD can be deduced as

tod = RoffCgs ln

(
Vg

Vm

)
+Roff

Qg − CgsVg + CgsVm −Qth

(Vm − Vth)

× ln

(
Vm

Vth

)
+RonCgs ln

(
Vg − Vth

Vg

)
. (13)

The dead time of (13) is a theoretical OTD. The dead time
needs some margin in practical engineering. In practical engi-
neering, the practical value is usually 1.2−1.4 times the design
value to obtain a reasonable margin. Thus, the dead time applied
to the GaN SPA is presented as

tpd = (1 + λ) tod (14)

where tpd is the practical dead time for the SPA, and λ ranges
from 0.2 to 0.4.

IV. PROPOSED DBMPCC

The GaN SPA needs an appropriate control method to achieve
current control. The MPCC is an efficient control method for
the system to achieve a fast response. The MPCC can be mainly
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divided into two categories [26], [41], and [42], which is FC-
SMPCC and continuous-control-set model predictive current
control (CCSMPCC). The FCSMPCC does not need a PWM
module and has a concise control structure [26]. However, the
FCSMPCC only has a single switching state in one control
period, and its switching frequency is generally not fixed, which
will cause a high current ripple [41]. The CCSMPCC can have a
lower current ripple than the FCSMPCC because the power con-
verter can obtain multiple switching states in one control period.
The DBMPCC is regarded fast response control approach, which
has been widely applied to machine drives and grid-connected
converters [41], [42], [43]. Thus, the GaN SPA adopts DBMPCC
to improve the current bandwidth further. Additionally, to obtain
a low current ripple, the DBMPCC is based on the framework
of CCSMPCC.

A. Control Law Design

According to (2), the discrete current model of the SPA can
be deduced as

i (k + 1) = K1i (k) +K2uc (k) (15)

where

K1 = 1− RTs

L
, and K2 =

Ts

L
. (16)

For the DBMPCC, the predictive current at the time of k+2
needs to the obtained according to the measured current at the
time of k. According to (15), the predictive current at the time
of k+2 can be deduced as

ip (k + 2) = K2
1 i (k) +K1K2uc (k) +K2uc (k + 1) (17)

where ip(k+2) is the predictive current at the time of k+2.
Parametric uncertainty causes errors in the predictive current

model. To improve the accuracy of the predictive current model,
feedback correction is utilized. In this article, the error between
the predictive current and measured current is used to achieve
feedback correction, which is presented as

îp (k + 2) = ip (k + 2) + f
(
i (k)− îp (k)

)
(18)

where f is the feedback correction coefficient.
The DBMPCC should make the predictive current reach the

reference current. The control error is presented as

e (k + 2) = ir −K2
1 i (k)−K1K2uc (k)

−K2uc (k + 1)− f
(
i (k)− îp (k)

)
. (19)

The control error of (17) should be zero. Thus, the control law
can be deduced as

uc (k + 1) =
1

K2
ir − K2

1

K2
i (k)−K1uc (k)

− f

K2
(i (k)− ip (k)) . (20)

According to (20), the control law of the DBMPCC can be
obtained by measuring the coil current. However, the control
output of the SPA is limited in practice. The above DBMPCC

Fig. 10. Block diagram of the DBMPCC.

does not consider the output saturation. Thus, a DBMPCC with
considering output saturation (COS) is further deduced.

When output saturation occurs, the control error of (20)
cannot reach zero. In this case, the designed control law should
minimize the control error. The minimization problem of control
error is presented as

min |e (k + 2)|
s.t. umin ≤ ucs (k + 1) ≤ umax (21)

where umin is the minimum control output, umax is the maximum
control output, and ucs is the control law with COS.

To solve the minimization problem, a function of h(ucs(k+1))
is defined as

h (ucs (k + 1))= |e (k + 2)|= ∣∣ir −K2
1 i (k)−K1K2ucs (k)

−K2ucs (k + 1)− f
(
i (k)− îp (k)

)∣∣∣ .
(22)

When u(k+1) > umax, output saturation occurs. According
to (19) and (20), h(umax) > 0. K1 and K2 are larger than zero.
Therefore, the inequality relation of (23) can be obtained

h (umin) < h (umax −Δu) (23)

where Δu is a value large than zero.
According to (23), the control error e(k+1) is minimized when

us = umax.
Similarly, when the negative saturation occurs, ucs should be

equal to umin. Thus, the control law of the DBMPCC with COS
is presented as

ucs =

⎧⎪⎨
⎪⎩
uc (k + 1) , umin < uc (k + 1) < umax

umax, uc (k + 1) ≥ umax

umin, uc (k + 1) ≤ umin

. (24)

According to (20) and (24), the designed control law of the
DBMPCC with COS is obtained. The control block diagram of
the proposed DBMPCC is shown in Fig. 10. The control law
calculation is almost multiplied and accumulated calculation,
which is easy for the MCU to implement.
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B. Stability Analysis

According to the theory of the DBMPCC, the output current
can reach the reference in a finite beat, and the stability of
the system can be ensured. However, the predictive model is
different from the actual model. Thus, the stability analysis
considering the model error is significant.

The control law of (20) is deduced as z transform form, which
is presented as

zUc (z) =
1

K2
Ir (z)− K2

1

K2
I (z)−K1Uc (z)

− f

K2
(I (z)− Ip (z)) . (25)

The z transform form of the predictive model is presented as

zIp (z) = K1I (z) +K2Uc (z) . (26)

Substituting (26) into (25), the control law can be further
deduced as

Uc (z) =
zIr (z) +

((−f −K2
1

)
z +K1f

)
I (z)

K2 (z2 +K1z − f)
. (27)

The actual current model is presented as

zI (z) = K1rI (z) +K2rU (z) . (28)

K1r and K2r in (28) are presented as

K1a = 1− RaTs

La
, and K2a =

Ts

La
(29)

where Ra is the actual resistance, and La is the actual inductance.
Substituting (28) into (27), the closed-loop transfer function

is deduced as

I (z)

Ir (z)
=

b1z

a3z3 + a1z2 + a1z + a0
(30)

where

b1 = K2a

a3 = K2

a2 = (K1K2 −K1aK2)

a1 =
(
K2aK

2
1 + fK2a −K1aK2K1 − fK2

)
a0 = K1aK2f −K2aK1f. (31)

The error of resistance and inductance in the predictive model
is presented as

ΔR =
Ra −R

Ra
andΔL =

La − L

La
. (32)

Based on (30), the root locus of the deference between resis-
tance and inductance is shown in Fig. 11. According to Fig. 11,
the eigenvalue of the discrete system is zero when a model error
is zero. When the model error occurs, the system can maintain
stability within a certain model error range. With the model error
increasing, the root locus will be outside the unit circle, and the
system will be unstable.

When output saturation occurs, the control output is the max-
imum allowable output, and the system is an open-loop system.

Fig. 11. Root locus of model error.

According to (15), the eigenvalue of the open-loop system is
within the unit circle. Thus, the system is stable when output
saturation occurs.

The feedback correction coefficient f will influence the control
accuracy and stability. The steady-state error of the DBMPCC
can be deduced as

es = Lim
z→1

(
1− I (z)

Ir (z)

)
= 1− b1

a3 + a1 + a1 + a0
(33)

where es is the steady-state error.
According to (33), the steady-state error versus model error

and feedback correction coefficient are shown in Fig. 12. The
root locus of the feedback correction coefficient is shown in
Fig. 13. From Fig. 12, choosing a larger feedback correction
coefficient can achieve better control accuracy. Nevertheless,
according to Fig. 13, a large feedback correction coefficient will
cause degenerated stability. The feedback correction coefficient
f can be determined according to the experimental test.

The above stability analysis illustrates that the proposed
DBMPCC can ensure system stability within a certain range
of model error.

V. EXPERIMENTAL RESULTS

The proposed GaN SPA is implemented in a 500 kW FESS
prototype. To verify the effectiveness of the GaN SPA, the cur-
rent bandwidth and current ripple of the GaN SPA are measured,
and the experimental comparisons with the Si MOSFET SPA and
SiC MOSFET SPA are presented. The DBMPCC is implemented
in the GaN SPA to further improve the current bandwidth. To
verify that the low-loss PWM method and the ODT strategy
can improve the efficiency of the GaN SPA, the experimental
comparisons with the conventional two-level PWM method [15]
and three-level PWM method [20] are performed. Additionally,
the GaN SPA is implemented in a 5-DOF AMB control system,
and the control performance is presented.
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Fig. 12. (a) Steady-state error versus model error. (b) Steady-state error versus
feedback correction coefficient.

Fig. 13. Root locus of feedback correction coefficient.

A. Experimental Setup

The experimental platform is shown in Fig. 14. The exper-
imental platform mainly includes the GaN SPA, MS FESS,
spectrum analyzer, power analyzer, and oscilloscope. The
GaN SPA is presented in Fig. 15(a). It mainly includes the
XG65T125HS1B GaN HEMTs, IRS2110 gate drivers, and
LA-25-NP current sensors. The controller of the SPA adopts
a digital signal processor (DSP) and field-programmable gate
array (FPAG) architecture, which is presented in Fig. 15(b). The
DSP adopts TMS320C6713B, and the FPGA adopts XC3S1000.

Fig. 14. Experimental platform of the 500 kW FESS prototype.

Fig. 15. (a) GaN SPA (b) GaN SPA with the DSP + FPAG controller.

TABLE I
MAIN PARAMETER SPECIFICATIONS OF THE GAN SPA

TABLE II
MAIN PARAMETER SPECIFICATIONS OF THE GAN HEMT

The main parameter specifications of the GaN SPA are listed in
Table I, and the main parameter specifications of the GaN HEMT
are listed in Table II. The GaN SPA is applied in a 500 kW MS
FESS prototype. The MS FESS prototype is presented in Fig. 16.
The MS FESS prototype has a 58-kg carbon fiber flywheel rotor.
The flywheel rotor is braced by the AMBs, which can achieve
a high rotation speed without friction. The main specifications
of the MS FESS are listed in Table III. The main parameters
of the AMB in the MS FESS are listed in Table IV. The
Rohde & Schwarz FSH4 spectrum analyzer, HIOKI PW6001
power analyzer, HIOKI CT6700 high accuracy current sensor,
FLIR OnePro thermal imager, and Tektronix oscilloscope are
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Fig. 16. (a) FESS prototype. (b) Carbon fiber composites flywheel rotor of the
FESS prototype.

TABLE III
MAIN PARAMETER SPECIFICATIONS OF THE FESS

TABLE IV
MAIN PARAMETER SPECIFICATIONS OF THE AMBS IN THE FESS

used to measure the bandwidth, current ripple, efficiency, and
temperature of the GaN SPA.

B. Experiment 1: Switching Time

The theoretical dead time can be calculated according to (13)
and (14). To verify the theoretical dead time can be effectively
applied to GaN SPA, the experiment of the switching time is
performed.

According to Fig. 3, the gate driver circuit of the GaN SPA
needs a suitable turn-ON and turn-OFF resistor. Thus, the determi-
nation of the turn-ON and turn-OFF resistors is first analyzed. The
output voltages of the different turn-ON and turn-OFF resistors
are shown in Fig. 17. From Fig. 17, a small turn-ON and turn-OFF

resistor will cause a switching oscillation, and a large turn-ON

and turn-OFF resistor will cause a long turn-ON and turn-OFF

time. Based on Fig. 17, the turn-ON and turn-OFF resistors 18
and 15 Ω are used in this article.

Fig. 17. (a) Output voltage of different turn-ON resistors. (b) Output voltage
of different turn-off resistors.

Fig. 18. Tested gate voltage of different load currents. (a) Turn-OFF process.
(b) Turn-ON process.

The switching time is varied with the load current. Thus, the
gate voltage of different load currents is tested. The gate voltage
is shown in Fig. 18. According to Fig. 18, the switching time
increases when the load current increases. Thus, the dead time of
the GaN SPA should be adjusted according to the load current.
The theoretical dead time and the tested minimum dead time
are listed in Table V. The theoretical optimal dead is close to
the tested minimum OTD, and the error is smaller than 8.9%.
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TABLE V
THEORETICAL OTD AND THE OTD

Fig. 19. Dead time with and without ODT strategy.

The practical dead time is set as 1.4 times the theoretical dead
time in this article. Without an ODT strategy, the dead time is
usually set as the turn-off time of the switching device. The
applied dead time with and without the ODT strategy is shown
in Fig. 19. The dead time with the ODT strategy can be reduced.
The experimental results illustrate that the theoretical dead time
with the margin can be efficiently applied to the GaN SPA to
reduce the dead time. Such that the reverse conduction loss can
be reduced.

C. Experiment 2: Bandwidth and Current Ripple

To verify that the GaN SPA can achieve a wide bandwidth
and low current ripple, the bandwidth and the step response
curve are measured. Furthermore, an experimental comparison
with the conventional Si MOSFET SPA and SiC MOSFET SPA
is presented. A PI controller is used for the current control.
The FSH4 spectrum analyzer is used to analyze the current
bandwidth. The CT6700 current sensor is used to measure the
current ripple.

The GaN SPA operates at a switching frequency of 120 kHz.
Fig. 20(a) shows the current step response versus the dc-link
voltage. When the dc-link voltage increases, the response speed
and the current ripple increase. With the high switching fre-
quency, the current ripple can be smaller than 28 mA at the
dc-link voltage of 72 V. Fig. 20(b) shows the Bode plots of the
GaN SPA. As the dc-link voltage increases, the SPA can obtain
a wider bandwidth. The bandwidth can be larger than 1268 Hz
with a dc-link voltage of 72 V.

The Si MOSFET SPA operates at a switching frequency of 20
kHz, and the SiC MOSFET SPA operates at a switching frequency
of 40 kHz. The step response curve and Bode plot of the SiC MOS-
FET SPA and Si MOSFET SPA are presented in Figs. 21 and 22,
respectively. The comparisons of the GaN SPA, Si MOSFET SPA,
and SiC MOSFET SPA are listed in Table VI. At the same current
ripple, the GaN SPA has a wider current bandwidth. In the same
current bandwidth, the GaN SPA has a lower current ripple. The

Fig. 20. Current step response curve and Bode plot of the GaN SPA. (a) Step
response curve. (b) Bode plot.

Fig. 21. Current step response curve and Bode plot of the SiC MOSFET SPA.
(a) Step response curve. (b) Bode plot.

experimental results illustrate that the proposed GaN SPA has a
better performance on the current bandwidth and current ripple.

D. Experiment 3: Efficiency of the GaN SPA

To verify that the low-loss PWM method and ODT strategy
can improve efficiency, the efficiency of the SPA is measured by a
power analyzer. Furthermore, an experimental comparison with
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Fig. 22. Current step response curve and Bode plot of the Si MOSFET SPA.
(a) Step response curve. (b) Bode plot.

TABLE VI
BANDWIDTH AND CURRENT RIPPLE OF THE SPAS

the conventional two-level PWM method [15] and three-level
PWM method [20] is performed.

Fig. 23(a) shows the power consumption of the GaN SPA
versus current. Fig. 23(b) shows the efficiency of the GaN SPA
versus current. The two-level PWM method requires a diode
freewheeling state. However, the GaN HEMT does not have an
antiparallel diode. It can only operate at a diode-like character,
which results in a larger voltage drop. Thus, the two-level PWM
method will have poor performance with respect to efficiency.
Compared to the three-level PWM method, the low-loss PWM
method can reduce the switching times; thus, the efficiency of the
low-loss PWM method is increased. The loss of the SPA can be
further reduced by adopting the ODT strategy. The efficiency of
the GaN SPA with the low-loss PWM method and ODT strategy
can be larger than 85.7%, which is increased by 5.2% compared
to the conventional three-level PWM method. The experimental
results illustrate that the proposed low-loss PWM method with
the ODT strategy can increase the efficiency of the GaN SPA.

Fig. 23. (a) Power consumption versus current of one channel. (b) Efficiency
versus currents of one channel.

The loss of the GaN SPA will convert to heat, which will
cause a temperature rise. The temperature of the GaN SPA is
measured in this article. The GaN HEMT XG65T125HS1B
adopts a dual-flat no-leads (DFN) package, which has fine heat
dissipation capacity. The thermal resistance of junction-to-case
of XG65T125HS1B is 1.85 °C/W, and the thermal resistance of
junction-to-ambient is 50.0 °C/W. The ambient temperature of
the laboratory is 24 °C. A 12-layer printed circuit board (PCB)
is adopted to achieve satisfactory heat dissipation. The average
thermal conductivity of the PCB is 16.3 W/(mK). When the
output current is a sinusoidal current with an amplitude of 3
A, the temperature rise of different PWM methods is shown in
Fig. 24. With the proposed low-loss PWM method, Qn2 and
Qn4 have a longer operating time than Qn1 and Qn3. Thus,
the temperature of Qn2 and Qn4 is higher than Qn1 and Qn3.
When the low-loss PWM method with the ODT strategy is used,
the GaN SPA has the highest efficiency. Thus, the temperature
rise of the low-loss PWM method with the ODT strategy is the
lowest, and the temperature of the GaN HEMT is lower than
34.7 °C. The two-level PWM method has the lowest efficiency.
Thus, the temperature rise of the two-level PWM method is the
highest. The temperature rises influence the transconductance
of the GaN SPA, which will cause an error in the switching
model. Nevertheless, the temperature rise of the GaN SPA is
relatively low. Therefore, the influence of the temperature on
transconductance does not consider, and the transconductance at
the temperature of 25 °C is adopted to calculate the dead time in
this article. The experimental results illustrate that the proposed
low-loss PWM method with the ODT strategy can reduce the
temperature rise of the GaN SPA.

The gate driver power consumption is also related to the PWM
method. The gate driver power consumption can be reduced by
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Fig. 24. Temperature of the GaN SPA of different PWM methods. (a) Low-loss
PWM method with ODT. (b) Low loss PWM method. (c) Three-level PWM
method. (d) Two-level PWM method.

TABLE VII
POWER CONSUMPTION OF THE IRS2110 GATE DRIVER OF DIFFERENT PWM

METHODS

reducing the switching times. The power consumption of the
gate drive circuit in Fig. 3 is measured. An H-bridge required
two IRS2110 gate drivers. The power consumptions of the
IRS2110 gate drivers in one H-bridge are listed in Table VII.
The switching times of the low-loss PWM method are half of
the three-level method. Thus, the power consumption of the
low-loss PWM method is smaller than the three-level PWM
method. The two-level PWM method has the minimum switch-
ing times among the three PWM methods. Thus, the gate driver
power consumption of the two-level PWM method is minimal.
However, the two-level PWM method will cause a large reverse
conduction loss. The gate driver power consumption is relatively
tiny compared to the power of the GaN HEMT. However,
considering the power consumption of the gate driver is also
significant, such as in the power supply design of the gate driver
IC.

Fig. 25. Step response curves of the DBMPCC versus the feedback correction
coefficient.

Fig. 26. Current step response curve and Bode plot of DBMPCC without COS,
DBMPCC with COS, PID control, and FCSMPCC under 48 V. (a) Step response
curve. (b) Bode plot.

E. Experiment 4: Applied DBMPCC to the GaN SPA

The proposed DBMPCC without and with COS are imple-
mented in the GaN SPA to increase the bandwidth. The PID
control is the most commonly used in the SPA. The FCSMPCC
has been applied to the SPA in recent years [26]. Thus, DBMPCC
is compared with the conventional PID control and FCSMPCC.
The comparison is under the dc-link voltage of 48 and 72 V.

The DBMPCC requires a feedback correction coefficient to
obtain a satisfying control accuracy. The feedback correction
coefficient is adjusted according to experimental control accu-
racy in this article. The step response curve versus the feedback
correction coefficient is shown in Fig. 25. From Fig. 25, the
control accuracy can be improved by increasing the feedback
correction coefficient. When the feedback correction coefficient
is 1.2, the steady-state error can be smaller than 2%. Thus, in
this article, the feedback correction coefficient is 1.2.

Fig. 26 shows the current step response curves and Bode plots
of DBMPCC, PID control, and FCSMPCC with the dc-link
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Fig. 27. Current step response curves and Bode plots of DBMPCC without
COS, DBMPCC with COS, PID control, and FCSMPCC under 72 V. (a) Step
response curve. (b) Bode plot.

TABLE VIII
BANDWIDTH AND CURRENT RIPPLE OF THE CONTROL METHODS

voltage of 48 V. Compared to the PID control, the DBMPCC
with and without COS has a faster current response and wider
current bandwidth. The DBMPCC without COS will cause the
control output to be reduced. Thus, the DBMPCC with COS has
a faster current response than that without COS. Among these
methods, the FCSMPCC has the fastest current response speed
and widest current bandwidth. However, the FCSMPCC only
can apply one switching state in one control period and has no
fixed switching frequency. Thus, the FCSMPCC has the largest
current ripple of 42 mA.

Fig. 27 shows the current step response curves and Bode plots
of DBMPCC, PID control, and FCSMPCC with the dc-link
voltage of 72 V. Similar to the condition of dc-link voltage 48 V,
DBMPCC has a faster response speed than the PID control. The
FCSMPCC has the fastest response speed and largest current
ripple. A comprehensive comparison of the control methods
is listed in Table VIII. According to Table VIII, the current
bandwidth can be increased by increasing the dc-link voltage
in the same control methods. Compared to the conventional PID

Fig. 28. Position response curve of the x-axis. (a) Si MOSFET SPA with dc-link
voltage of 72 V. (b) Si MOSFET with dc-link voltage of 48 V. (c) GaN SPA with
dc-link voltage of 72 V.

control, the current bandwidth can increase by 621 Hz and 48.8%
by using DBMPCC with COS.

F. Experiment 5: Applied GaN SPA to 5-DOF Control

The GaN SPA is applied in the 5-DOF MS control. The
comparison of control performance with the Si MOSFET SPA
is presented. When Si MOSFET SPA with 72 V is used, the x-axis
position response curve is shown in Fig. 28(a). In Fig. 28(a),
the rotor has violent vibration because the Si MOSFET SPA has
a considerable current ripple. (The analysis of the relationship
between current ripple and vibration is presented in Appendix
II.) From Table VI, the MOSFET SPA with 72 V has a current
bandwidth of 1271 Hz. However, considering the vibration in the
rotor, the Si MOSFET SPA cannot achieve this current bandwidth.
When the dc-link of the Si MOSFET SPA reduces to 48 V, the
position response curve is shown in Fig. 28(b), and the vibration
can be suppressed. The position response curve of the GaN SPA
with 72 V is shown in Fig. 28(c). Because the GaN SPA with
a high switching frequency can have a low current ripple, the
vibration does not occur. From Table VI, the GaN SPA with 72
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Fig. 29. Bode plot of the open-loop system of position control with wide
bandwidth and narrow bandwidth SPA.

Fig. 30. (a) Root locus of the rotation speed with wide bandwidth and narrow
bandwidth SPA. (b) Rotation angle α of the flywheel rotor.

V shows a wider bandwidth and low current ripple than the Si
MOSFET SPA with 48 V. Thus, the MS with the GaN SPA shows
higher position control accuracy and faster position response
speed, as shown in Fig. 28(b) and (c).

The comparison of the GaN SPA and Si MOSFET SPA is further
performed in the frequency domain. The GaN SPA shows a
wider bandwidth than the Si MOSFET SPA. The bode plot of
the open-loop transfer function with SPA of wide and narrow
bandwidth is shown in Fig. 29. According to Fig. 29, the control
system with SPA of a wider bandwidth can have a larger stability
margin. Additionally, the control system with the SPA of wider
bandwidth has a larger cut-off frequency and fast response
speed. However, the gain of the Bode plot with SPA of wider

bandwidth has a larger peak value. According to the theory of
frequency-domain analysis, the larger peak in the bode plot will
cause a larger overshoot [43]. As shown in Fig. 28(b) and (c),
the overshoot of the position control with GaN SPA is slightly
large than with the Si MOSFET SPA.

Additionally, a wide current bandwidth can enhance the sta-
bility of the MS control and overcome the whirl motion. The
root locus of the rotation speed of different current bandwidths
is presented in Fig. 30(a). With a wider bandwidth, the root
locus moves left. The stability margin can be increased. The
rotation angle α of GaN SPA and Si MOSFET SPA is shown in
Fig. 30(b). At the speed of 16 000 r/min, the MS control system
occurs a whirling motion using the Si MOSFET SPA. The whirling
motion can be suppressed with the GaN SPA. The experimental
result illustrates that the proposed GaN SPA can enhance the
stability of the MS control system of the FESS. (The analysis of
the relationship between current bandwidth and rotor stability
is presented in Appendix I.)

VI. CONCLUSION

In this article, a new GaN SPA is proposed for the AMB of a
FESS to achieve a wide bandwidth and low current ripple. The
main conclusions are drawn as follows.

1) Compared to the Si MOSFET SPA and SiC MOSFET SPA,
the GaN SPA has a wider current bandwidth in the same
current ripple condition and shows a lower current ripple
at the same current bandwidth. The GaN SPA can achieve
a bandwidth of 1268 Hz and a current ripple of 28 mA.

2) With the proposed low-loss PWM method and ODT strat-
egy, the GaN SPA has a higher efficiency. Compared to the
conventional two-level PWM method [15] and three-level
PWM methods [20], the maximum efficiency of the GaN
SPA with the low-loss PWM method and ODT strategy
increases by 8.3% and 5.2%, respectively.

3) The proposed DBMPCC is implemented in the GaN SPA
to broaden the current bandwidth. Compared to the PID
control, the bandwidth of the DBMPCC is increased by
621 Hz and 48.8%.

4) The proposed GaN SPA is implemented in the 5-DOF MS
control of the FESS. The experimental results show that
the GaN SPA can achieve higher control accuracy and
enhance the stability of the MS control system compared
to the Si MOSFET SPA.

APPENDIX I

In Appendix I, the influence of the bandwidth of the PA on
the stability of the magnetic suspended system is discussed. The
5-DOF MS control includes position control and rotation con-
trol. The stability of the position control is analyzed through the
frequency-domain analysis method. The model of the position
control is presented as

Gp (s) =
ki

Mrs2 − kx
(1a)

where ki is the current stiffness, kx is the position stiffness, and
Mr is the rotor mass.
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Fig. 31. Bode plot of the open-loop system of position control with wide
bandwidth and narrow bandwidth SPA.

The position control adopts a PD controller. The model of the
PD controller is presented as

Cp (s) =
kp + kds

Tcs+ 1
(2a)

where kp is the proportional coefficient, kd is the differential
proportional coefficient, and Tc is the filter coefficient of the PD
controller.

The SPA can be regarded as a first-order inertial element,
presented as

Gp =
1

Tps+ 1
(3a)

where Tp is the time constant of the SPA.
The open-loop transfer function can be deduced as

Go (s) =
ki (kp + kds)

(ms2 − kx) (Tps+ 1) (Tcs+ 1)
. (4a)

The Bode plot of the open-loop transfer function with SPA
of wide and narrow bandwidth is shown in Fig. 31. According
to Fig. 31, the control system with SPA of a wider bandwidth
can have a more considerable stability margin. Additionally, the
control system with the SPA of wider bandwidth has a larger
cut-off frequency and fast response speed.

The stability of the rotation control is analyzed through the
root locus method. The model of the rotation control is presented
as {

Jd
dα
dt2 − Jpω

dβ
dt − kraα = Mα

Jd
dβ
dt2 + Jpω

dα
dt − kraβ = Mβ

(5a)

where Jd is the polar moment inertia, Jp is the equatorial moment
inertia, krq is angular displacement stiffness, and Mα and Mβ are
moments of force.

The moment of forces can be deduced as{
Mα = kriiα = kriiαr − kriTp

diα
dt

Mβ = kriiβ = kriiαr − kriTp
diβ
dt

(6a)

where kri is the current stiffness coefficient of rotation.

Fig. 32. Root locus of the rotation speed with wide bandwidth and narrow
bandwidth SPA.

The rotation control also adopts a PD controller, which is
presented as⎧⎨

⎩
iαr = krp (αr − α) + krd

d(αr−α)
dt

iβr = kra (βr − β) + krd
d(βr−β)

dt

(7a)

where krp is the proportional coefficient and krd is the differential
proportional coefficient of the rotation control.

Combining (5a), (6a), and (7a), the differential equation of
the closed-loop system of rotation control is deduced as⎧⎨
⎩

d3α
dt3 + p2

d2α
dt2 + p1

dα
dt3 − pc1

dβ
dt − pc2

d2β
dt2 + p0α = qα

d3β
dt3 + p2

d2β
dt2 + p1

dβ
dt + pc1

dβ
dt + pc2

d2β
dt2 + p0β = qβ

(8a)
where

p0 =
(krpkri − ka)

TpJd
, p1 =

(krdkri + Tpka)

TpJd
, p2 = Tp

pc1 =
Jpω

TpJd
, pc2 =

Jpω

Jd

qα=
krpkriαr

TpJd
+

krdkri
TpJd

dαr

dt
, qβ=

krpkriβr

TpJd
+

krdkri
TpJd

dβr

dt
.

The state matrix of the differential equation of (8a) can be
deduced as

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0 0 0

0 0 1 0 0 0

−p0 −p1 −p2 0 −pc1 −pc2

0 0 0 0 1 0

0 0 0 0 0 1

0 pc1 pc2 −p0 −p1 −p2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
. (9a)

Based on the state matrix of (9a), the root locus of the rotation
speed of different current bandwidths can be obtained, which is
presented in Fig. 32. With a wider bandwidth, the root locus
moves left. The stability margin can be increased.
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Fig. 33. Relationship between the vibration amplitude and excitation force.

Fig. 34. Rotor vibration occurs when the current ripple is larger than 78 mA.

APPENDIX II

In Appendix II, the influence of the current ripple on rotor
vibration is analyzed. The relationship between the magnetic
force and current is can be deduced as[1]

fmag = kxx+ kiic (10a)

where fmag is the magnetic force.
According to (10a), the magnetic force is proportional to the

current. Thus, the current ripple will cause a force ripple. The
vibration model of the AMB control system is nonlinear, which
can be deduced as [44]

ẍ+ 2μbẋ+ b2x− (
a1x

3 + a2xy
2 + a3x

2ẋ+ a4ẋy
2

+a5xẏ
2 + a6xẋ+ a7xyẏ

)
= F cosωt

ÿ + 2μbẏ + b2y − (
a1y

3 + a2yx
2 + a3y

2ẏ + a4ẏx
2

+a5yẋ
2 + a6yẏ

2 + a7yxẋ
)
= F sinωt (11a)

whereμ, a, and b are coefficients of the system, F is the excitation
force, and ω is the angular frequency.

According to (11a), the relationship between the vibration am-
plitude and excitation force is shown in Fig. 33 [44]. According
to Fig. 33, a large vibration amplitude will increase fast when
the excitation force is larger than a certain value. In this article,
the current ripple of the Si MOSFET SPA with a voltage of 72 V
is larger than 78 mA, which will cause a relatively large force

ripple. The magnetic suspend system with this SPA will have a
significant vibration, as shown in Fig. 34.
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