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ABSTRACT: Active magnetic bearings feature advantages of frictionlessness, low loss, and high reliability, making them extensively
utilized in fields such as flywheel energy storage, acrospace, and beyond. However, conventional modulation strategies applied to digital
control systems suffer from control delays, reducing current control precision and resulting in increased current ripple. To address the
aforementioned issues, firstly, the operating principle of the active magnetic bearing drive system is analyzed. Based on hybrid systems
theory, a mix logical dynamic model of the drive system is established by introducing auxiliary logical variables and auxiliary continuous
variables to achieve three-level modulation. Secondly, integrating model predictive control theory, the established model is utilized as
a predictive model to forecast and compensate for control delays in controlling current. Finally, a cost function is established based
on the error between predicted current and reference current, and optimal control signals are generated to achieve precise control of
the active magnetic bearings. The simulation results demonstrate that under light load conditions, the modulation strategy proposed
in this paper reduces current ripple by 49.94% compared to traditional modulation strategies. Under moderate load conditions, the
proposed modulation strategy reduces current ripple by 49.96%, while under heavy load conditions, it reduces current ripple by 49.99%.
This validates the effectiveness of the proposed modulation strategy in compensating for control delays while retaining the three-level
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modulation scheme.

1. INTRODUCTION

agnetic bearings (MBs) [1-7] are high-performance bear-
Mings that utilize electromagnetic forces to suspend rotat-
ing shafts in space. In contrast with traditional bearings, they
offer numerous advantages, including frictionless operation, no
need for lubrication, minimal losses, high rotational speeds, and
active controllability. Consequently, they find widespread ap-
plications across various industrial domains, such as flywheel
energy storage and aerospace.

The drive circuit for Active MBs (AMBs) can adopt either a
two-level modulation strategy or a three-level modulation strat-
egy. The two-level modulation strategy primarily includes cur-
rent hysteresis control [8, 9], pulse width modulation (PWM)
control [10, 11], and sample-hold control [12]. In particular,
current hysteresis control involves feeding the error between
feedback and reference currents into a hysteresis comparator to
generate PWM signals, thereby controlling the switching of the
transistors. PWM control uses a proportional integral (PI) con-
troller to generate an error signal from the feedback and refer-
ence current errors, intersecting with the triangular wave from
the PWM generator module to produce the control signal for the
transistors. Sample-hold control compares the error between
the fixed sampling periods of the reference and feedback cur-
rents, determining the transistor switching on the basis of the
positivity or negativity of their difference. However, employ-
ing a two-level modulation strategy in the drive circuit of MBs
results in difficulties reducing current ripples [13].
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Zhang et al. from the Swiss Federal Institute of Technol-
ogy in Zurich spearheaded the research on the application of a
three-level modulation strategy in drive circuits for MBs. Un-
like in two-level modulation, the MB drive circuit under three-
level modulation exhibits three states: charging, discharging,
and freewheeling. Its control current ripple is decoupled from
the bus voltage and is directly proportional only to the conduc-
tion voltage drop of the switches and the coil voltage drop [14].
Wang et al. from Tsinghua University proposed a space vec-
tor control technology based on three-level modulation to re-
duce the current ripple and the number of bridge arms [15].
Tang et al. from Nanjing University of Technology proposed a
three-level sampling/hold modulation technique, which, build-
ing upon the foundation of two-level sampling/hold modula-
tion, introduces a new controllable point within one cycle,
thereby achieving three-level modulation in the drive circuit
and significantly reducing current ripple [16]. Zhang and Fang
from Beihang University conducted a detailed analysis of the
mechanism behind current ripple generation and introduced a
three-level PWM modulation method for AMBs. This modu-
lation method utilizes a PI controller and a PWM generator to
realize duty cycles, separately controlling power switches on
diagonals, resulting in a substantial reduction in current rip-
ple [17]. However, traditional three-level modulation strategies
for AMBs encounter control latency issues that impact the ef-
fectiveness of current ripple suppression [18, 19]. Li et al. from
Air Force Engineering University points out that the traditional
switching function model only describes the control transition
ofthe circuit and ignores the conditional transition of the circuit,
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FIGURE 1. Four modes of operation.

while the mix logic dynamic (MLD) model of the three-phase
inverter circuit can be effectively described, and combined with
the model predictive control strategy, the voltage output har-
monics of the three-phase inverter circuit can be effectively re-
duced [20]. Marandi et al. from Tarbiat Modares University
analyzes the hybrid characteristics of the power grid and es-
tablishes a mix logic dynamic model of the microgrid, which
effectively reduces voltage fluctuation and energy loss as well
as battery charging and discharging times with the cost function
of minimum charging times and energy loss [21].

This study proposes a three-level modulation strategy for
AMBs based on a mixed logical dynamic model prediction
controller (MLD-MPC) addressing the aforementioned issues.
First, leveraging hybrid system theory [22-26], this study es-
tablishes a mixed logical dynamic model of the drive sys-
tem. This model unifies the mathematical relationship between
switch states and control currents during charging, discharging,
and freewheeling modes within the driving circuit by introduc-
ing auxiliary logical and continuous variables. Second, within
the AMB’s dual closed-loop control framework, a hybrid logi-
cal dynamic predictive controller targeting the inner loop cur-
rent is designed. This controller calculates predictive control
currents to compensate for control latency, incorporating them
into the cost function to derive optimal control signals. Lastly,
an AMB control system is constructed to validate the proposed
strategy’s ability to effectively reduce the impact of control la-
tency on current ripple suppression while preserving the three-
level modulation mechanism.

2. PRINCIPLE OF THREE-LEVEL MODULATION IN
AMB DRIVE CIRCUITS

The drive circuit for AMBs can be implemented in either a half-
bridge or full-bridge (H-bridge) configuration. This study fo-
cuses on AMB. In consideration of the requirement of bidirec-
tional current capability in the winding, a half-bridge config-
uration is chosen. Under the three-level modulation strategy,
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the half-bridge drive circuit presents four distinct operational
modes, as illustrated in Figure 1.

In Figure 1(a), the circuit represents the charging state of the
drive circuit, where Uy, is applied across both ends of the wind-
ing, resulting in a linear increase in the winding current. The
circuit equation can be expressed as follows:

di(t
29 L Rit) + 2 = Use,

i )

where Uy, is the DC bus voltage, U,, the switching tube on-
voltage drop, L the winding inductance, and r the winding re-
sistance.

The resulting winding current under this charging state can
be derived as follows:

i(t) = Yse = 2Won (1 — e*f) + i€ 7, 2
R

where 7 is the time constant defined as 7 = L/R, and i, rep-

resents the initial winding current at the onset of mode (a).

In Figure 1(b), the circuit represents the discharging state of
the drive circuit, where Uy, is applied across both ends of the
winding, resulting in a linear decrease in the winding current.
The circuit equation can be expressed as follows:

di(t
R Ri(t) + 2Uyp = —Uge.

7 (€)

where Uyp is the positive pilot voltage drop of the continuous
current diode.

The expression for the winding current in the discharging
state can be derived as follows:

_ Uge +20Uvp

i(t) = I

(1=e ) +ime?, @

where 1y represents the initial winding current at the onset of
mode (b).
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FIGURE 2. Trend of output current of three-level modulation drive circuit.

In Figures 1(c) or 1(d), the drive circuit represents the free-
wheeling state where the voltage across both ends of the wind-
ing is 0. Owing to the presence of winding resistance, the wind-
ing current decreases gradually. The current equation can be
expressed as follows:

dit)

L
dt

+ Ri(t) + Uon + Uyp = 0. %)
The expression for the current in this freewheeling state can be
derived as follows:

i Uon + UVD

it) = - (1 - e—%) Figlin)e™r,  (6)
where i (iq0) represents the initial winding current at the onset
of mode (c¢) [mode (d)]

During stable operation, the AMB drive circuit under three-
level modulation experiences conduction and freewheeling
states, with the current trend illustrated in Figure 2. One
complete research cycle involves a conduction state, lasting
from time O to ¢, and a freewheeling state, persisting from ¢,
toT.

When the drive circuit is in the charging state, the current

reaches its maximum value (imay) at time ¢y, i.e.,

c_2 on _t
W) g

Uge — 2Uon .
ch o +<'Lmin_

Tmax =

When the drive circuit is in the freewheeling state, the winding
current reaches its minimum value (in,) at time 7T, i.e.,

20U\ _z=ts
+ (imax + 0 > (& TT{I . (8)

R
Combining Equations (7) and (8), the expression for the cur-
rent ripple (A7) in MBs under the three-level modulation strat-
egy can be obtained as

Uon + Uvp
R

lmin = —

(Uon+ Ri+Uyp) (U —2Ugy — Ri)

T.
2L(U —Uspn+Uyp)

O

Al = imax —imin =

The conduction voltage drop across the switches and the coil
voltage drop can be approximated to be negligible compared
with the direct current bus voltage. Hence, under the three-level
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modulation strategy, the AMB’s control current ripple (Aé) can
be approximated as

Uon + Ri + UVDT
2L '

Ai = Z-max - Z.min = (10)

The representation of the AMB’s control current ripple (Ai)
under the two-level modulation strategy [9] is considered, as
shown as follows:

Udc T

Ai = Tmax — tmin = .
2L

(11)

The comparison of Equations (10) and (11) indicates that un-
der three-level modulation, the current ripple is independent of
the direct current bus voltage, and its numerical value is signif-
icantly smaller than the current ripple observed under the two-
level modulation strategy.

However, the analysis conducted above is based on ideal con-
ditions. In actual control processes, a control delay time (At)
exists, resulting in the control current ripple (A:) under the
three-level modulation strategy becoming:

Uon + Ri + UVD
2L

AQ = lmax — fmin = (T + At). (12)
From Equation (12), the control delay will cause an increase
in the control current ripple.

3. AMB THREE-LEVEL MODULATION STRATEGY
BASED ON MLD-MPC

3.1. Basic Principles of the Proposed Modulation Strategy

To mitigate the impact of control delay (At) on the effective-
ness of suppressing control current ripples, this study proposes
an AMB three-level modulation strategy based on MLD-MPC,
as illustrated in Figure 3.

The modulation strategy employs a dual-loop control sys-
tem, comprising a displacement outer loop and a current inner
loop. The displacement outer loop processes the error signal be-
tween the reference and feedback displacements, transmitting it
through a proportion integration differentiation (PID) controller
to produce the current inner loop setpoint. MLD-MPC is de-
signed for the current inner loop. This controller takes the col-
lected control current and calculates predictive currents within
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FIGURE 3. Active magnetic bearing three-level modulation strategy based on MLD-MPC.

a predictive model to counteract the effects of control delay.
Its objective is to minimize the error between the reference and
predicted currents, generating the optimal control signal for the
drive circuit. The predictive model integrates a hybrid logical
dynamic model of the drive circuit. By incorporating auxiliary
logical and continuous variables, this model uniformly repre-
sents the mathematical relationship between switch states and
control currents in the charging, discharging, and freewheeling
modes, facilitating three-level modulation.

3.2. Specific Implementation of the Modulation Strategy

3.2.1. Construction of the MLD Model

The following logical operator symbols are introduced: “v” de-
notes disjunction; “-” represents negation; and “+>” indicates
equivalence. The direction of the current from left to right is
defined as positive, and an auxiliary logic variable 9, is intro-
duced. §; = 1 signifies the control current ¢ > 0, and §; = 0
signifies the control current ¢ < 0.

(13)

When the control current ¢ is greater than 0, the logical rela-
tionship between the voltage U across the MB winding and the
switch states s;, s, s3, and s4 is as follows:

01 =1]v[si =1]v[s = 1] +— [U = Ug]

[01 =1]v[s; = 1]v[sa = 0] +— [U=0] (14)
01 =1]v[si =0]v[s, = 1] «— [U=0]

[01 =1]v[s; =0]v[s2 = 0] +— [U = —Ug]

The mathematical description of the voltage U across the
AMB winding when the control current  is greater than 0 can
be derived from Equation (14) as

U = 61(s1 —52)Ugqe. (15)
However, active magnetic bearings do not have current less

than 0.
Given auxiliary logic variables 4, and d3,

(52 = (5181
16
{ 03 = 0152 (16)
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The voltage across the MB winding is obtained as

U = (62 — 03)Uqge. 17)
With auxiliary continuous variables z; and z;,
= 02Uq4e
Z1 2Ud (18)
2o = 03Uqg,

According to the H-bridge circuit equations, the continuous
model of the circuit is constructed, and the state equation with
the AMB current is established as the state variable, i.e.,

. R, 1
_ R 1.
=ty

19
where i is the derivative of the control current 7, R the winding
resistance, and U the voltage across the MB winding.

Combining Equations (17), (18), and (19), the original state
equation can be transformed into

. 1
1=——1+ —(z1 — 22).

T 17 (20)

The aforementioned state equation involves auxiliary continu-
ous and logic variables. Discretizing Equation (22) yields the
MLD model for the AMB drive circuit, as shown as follows:

BT, T

ip(k + 1) = ——=i(k) + 7

y(k) = i(k)

z1(k) — z2(k))

e2y)

3.2.2. Selection of Cost Function

MLD-MPC faces the challenge of solving mixed-integer
quadratic programming (MIQP) problems.  For AMBs,
achieving rapid dynamic responses to reach a stable state
post-disturbance is crucial. However, solving MIQP problems
within extremely short timeframes poses significant difficul-
ties. Given that the H-bridge circuit only presents four distinct
operational modes, each corresponding to four different
switch state combinations, optimizing control signals involves
evaluating these four combinations separately. Comparing
their respective cost function values allows the selection of
a combination resulting in the minimum cost function value,
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FIGURE 4. Flow chart of control strategy.

thereby minimizing the error in the desired reference current
for the AMBs. The established cost function facilitates the
selection of the control signal for the MB drive circuit by
determining the optimal switch control signal.

J = (ipep(k+1) —ip(k + 1)) (22)

where i, (k + 1) represents the predicted current of the AMB
winding at time k + 1, and 4,.. s (k + 1) stands for the given cur-
rent of the AMB winding at time k£ + 1. Although the reference
value at time £+ 1 can be approximated to be nearly equal to the
reference value at time k, this approximation introduces a delay
of one sampling period in the given signal. For enhancing con-
trol precision, a second-order Lagrange interpolation method
can be utilized to obtain the control current reference value at
time k + 1, as follows:

Z'ref(k + 1) = 3iref(k) — 3ir€f(/€ — 1) + Z'Tef(k — 2). (23)

3.2.3. Control Delay Compensation

Due to the delay in the digital control system [27-29], the se-
lected control signal needs to be output in the next time step.
However, at this time, the control current has already become
ip(k + 1). Therefore, to eliminate the impact of this delay, it
is necessary to predict the current forward one more time with
ip(k + 1) as the initial condition and obtain the current predic-
tion value i, (k + 2) at time k + 2, as follows:

ip(k+2) = —%z‘p(kﬂw%(zl(kﬂ)—m(lﬁﬂ)). (24)
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Thus, the cost function can be redefined as:
J = (iep(k+2) —ip(k +2))%, (25)

where ip(k + 2) is the predicted current of the MB winding at
time k& + 2, and i, (k + 2) is the predicted reference current
of the MB winding at time k + 2, which can be obtained by
forward derivation from Equation (25).

iref(k+2) = 3ipes(k 4 1) — 3ipes(k) + ires(k —1). (26)

3.2.4. Flowchart of the Control Strategy

Figure 4 shows the flowchart of the predictive control strategy,
consisting of the following steps:

1. Sample the current moment’s current (k) and reference
current irqf (k).

2. Compensate for the delay in the AMB control system by
predicting the values of current i, (k + 1) and ¢, (k + 1)
at time k + 1.

3. For the four different switch state combinations, predict
the control current using the forecasting model in Equation
(26), and then calculate the value of the cost function in
Equation (25).

4. The four cost functions are compared, and the minimum
cost function is selected.

5. Select the switch state combination corresponding to the
minimum cost function value, which represents the opti-
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bances of =60 N. (c) Square wave disturbances of £90 N.

mal control signal for the drive circuit, and proceed to the
next iteration in the algorithm.

4. STRATEGY VALIDATION

Using MATLAB/Simulink for simulation validation of the pro-
posed method, this study determines the simulation parameters
as follows: Uy, = 30V, inductance in the coil L = 2.8 mH, coil

resistance r = 1.3 (2, sampling period 7" = 1 ps, and maximum
load of 100 N.
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4.1. Validation of Control System Effectiveness

The control system is validated via a levitation test. Figure 5
illustrates the displacement waveform during rotor levitation in
the AMB control system.

During the process from the initiation of AMB suspension to
a stable operation, the maximum displacement reaches 2.0 x
1073 m. After 0.09s, the displacement returns to the equilib-
rium position. During the stable operation, a fluctuation with
an amplitude of 3.0 x 10~'' m is observed, indicating a high
level of levitation precision.

As depicted in Figure 6, upon introducing a light-load (30 N)
disturbance at 0.05 s, the system under the modulation strategy
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proposed in this paper experiences a displacement fluctuation
of —1.74 x 10~°m. It returns to the equilibrium position after
0.08s. At0.05 s, with the introduction of a medium-load (60 N)
disturbance, the system under the proposed modulation strategy
experiences a displacement of —345 x 10~®m. It returns to
the equilibrium position after disturbance, and the system un-
der the proposed modulation strategy exhibits a displacement
of —5.2 x 10~%m. It reverts to the equilibrium position after
0.1s.

The control system based on the proposed modulation strat-
egy demonstrates robustness when being subjected to light-
load, medium-load, and heavy-load.

4.2. Feasibility Validation of Three-Level Modulation

The feasibility validation of the control system’s three-level
modulation is conducted. Square wave disturbances of 430,
£60, and 90 N are applied to the control system, and the volt-
age output of the drive circuit is depicted in Figure 7.

From Figure 7(a), under the +30 N square wave disturbance,
the drive circuit outputs positive and zero voltages in the pos-
itive half-cycle and negative and zero voltages in the negative
half-cycle. Similarly, under the £60 and +90 N square wave
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disturbances, the drive circuit outputs positive and zero volt-
ages in the positive half-cycle and negative and zero voltages
in the negative half-cycle.

In conclusion, under different square wave disturbances, the
drive circuit consistently outputs positive, negative, and zero
voltages within one cycle, verifying that the control system can
achieve three-level modulation.

4.3. Effective Validation of Control Delay Suppression

The effectiveness of the proposed modulation strategy in sup-
pressing control delays is validated. Faced with light-load
(30N), medium-load (60 N), and heavy-load (90 N), the current
waveforms under the traditional AMB three-level modulation
strategy [30] and the proposed strategy are depicted in Figures 8
to 10, respectively.

From Figure 8, when facing a light-load (30 N) disturbance,
the control current ripple of the AMB under the traditional
three-level modulation strategy is 1.827 x 10~2 A. Under the
proposed modulation strategy, the current ripple decreases to
9.145 x 10~ A, marking a 49.94% decrease.

Figure 9 demonstrates that when encountering a medium-
load (60 N) disturbance, the control current ripple of the MB

WWwWw.jpier.org



PIER C

Zou et al.

(a) 4.5 [ T T T T T T T ]
4 — 3
< 3 ]
$ 2.5 .
g [ 411 1
3 2 F 012 0.1201 8
1.5F 8
1+ — .
— The traditional three-level modulation strategy |
0.51 — Reference current
0 A I : I : I :
0 0.05 0.1 0.15
Time/s

Current/A

0.2

4-5 T T T T T T
L o - ——— ]
4 | ———T g
3.5f l .
3 4.13 h
2.5 _ VWWW% -
2 F R R 0.12005 8
1.5 ]
1.0 . 7
— The proposed modulation strategy |1
0.5 Reference current B
0 L | L | L |
0 0.05 0.1 0.15 0.2
Time/s

FIGURE 10. Comparison of Current waveform at heavy-load (90 N). (a) The traditional three-level modulation strategy. (b) The proposed modulation

strategy.

under the traditional three-level modulation strategy is 1.793 x
10~2 A. By contrast, the proposed modulation strategy yields
a current ripple of 8.972 x 10> A, marking a reduction of
49.96%.

From Figure 10, when being faced with a heavy-load (90 N)
disturbance, the control current ripple of the AMB under the
traditional three-level modulation strategy measures 1.759 x
102 A. On the contrary, the proposed modulation strategy
yields a current ripple of 8.796 x 103 A, marking a reduction
0f 49.99%.

In summary, compared with the above two traditional three-
level modulation strategies, the three-level modulation strategy
based on MLD-MPC can effectively compensate a sampling
period control delay and further reduce the control current rip-
ple under light-load, medium-load, or heavy-load disturbance.

5. CONCLUSION

An MB three-level modulation strategy based on MLD-MPC is
proposed, yielding the following conclusions:

1. Based on the theory of hybrid systems, a mixed logical dy-
namic model can be established to characterize the charg-
ing, discharging, and freewheeling states of the AMB
drive circuit uniformly.

The AMB three-level modulation strategy based on MLD-
MPC effectively suppresses control delay and reduces cur-
rent ripple.
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