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Robotic joints driven by permanent-magnet
synchronous motors (PMSMs) face a practical tension be-
tween high-bandwidth motion tracking and energy-efficient
static load holding. This article develops a joint-embedded
coordination framework that augments electromagnetic ac-
tuation with a parallel semi-active magnetorheological (MR)
bearing, while preserving a standard position-reference in-
terface to upper-level control. MR engagement and current
allocation are scheduled internally via guarded mode tran-
sitions, enabling a low-drag baseline mode during motion,
an MR-assisted quasi-static holding mode (hereafter, hold-
ing mode) for energy-efficient finite-capacity holding, and
an MR damping mode for dissipating disturbance-induced
transients. A real-time load estimate is used for both
PMSM feedforward compensation and load-dependent MR
holding-current allocation. Mode transitions are guarded by
measured position, velocity, and reference-update condi-
tions. After break-away, the last holding current is retained
to provide dissipative MR assistance during recovery. Ex-
periments on an integrated MR—motor prototype demon-
strate that the proposed coordination reduces the 25-s
sequence-averaged accounted power at 20 N-m by 87.3%.
In the variable-load task, it reduces the integral absolute
position error Jjae by 37.1% relative to the motor-only
load-torque-observer-based active-compensation baseline,
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while achieving the lowest accounted average power
among the compared methods.

Joint-level control, magnetorheological
bearing, semi-active actuation.

|. INTRODUCTION

ERMANENT-MAGNET synchronous motors (PMSMs)

are widely adopted in modern servo drives, supported
by mature drive technology and fast-response position servo
control [1], [2], [3]. In heavy-duty industrial servo axes and
robotic joints with frequent quasi-static support [4], [5], [6], a
single drive is often required to combine high-bandwidth track-
ing [1], [7] with near-zero-speed holding and impact/transient
tolerance; however, holding incurs sustained torque current and
continuous copper loss [8], while purely active transient dis-
turbance rejection is limited by delay, noise, and saturation
[9]. Accordingly, augmenting the joint/axis with an auxiliary
holding/dissipation torque path has been actively explored in
robotics and wearable systems [4], [10].

Magnetorheological (MR) devices offer a compact semi-
active alternative: by modulating field-dependent yield stress,
an MR element can generate controllable resistive torque and be
packaged as brakes, clutches, or bearings [11], [12], [13], [14],
[15]. Among these realizations, MR bearing implementations
[10] are attractive for joint modules because they integrate
coaxially as a compact parallel torque branch, and low off-
state drag/transparency has been demonstrated in MR joint
modules [10], which is desirable in collaborative and contact-
rich robotic applications [4]. The pre-yield regime can sup-
port finite-capacity quasi-static holding, whereas the post-yield
regime can dissipate transient kinetic energy, potentially re-
ducing motor-side continuous current demand. Existing joint-
level solutions address the holding—motion trade-off at different
design layers: mechanical brakes/locks can provide low-power
support but usually operate through discrete engagement and re-
lease [16], [17]; high-reduction and quasi-direct-drive actuators
reshape the trade-off among reflected inertia, friction, backdriv-
ability, and torque density [18], [19]; and impedance/admittance
control improves interaction behavior, while static load support
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still relies on motor-side torque [20], [21]. The MR path is there-
fore introduced here as a complementary semi-active branch for
finite-capacity holding and transient dissipation.

However, MR integration into high-performance servo loops
is not plug-and-play. Prior work often focuses on hardware
feasibility [13], [22] or hysteresis modeling/compensation [23],
[24], leaving three practical gaps: (1) a joint-level, drive-
compatible coordination policy is still underexplored, so MR
engagement may be misaligned with servo objectives and
become parasitic drag rather than an auxiliary torque path-
way [4], [10]; (2) MR engagement is frequently implemented
in a binary/constant-current manner that can degrade back-
drivability and efficiency when not synchronized with servo
objectives [24], [25]; and (3) hybrid behaviors are sometimes
delegated to upper-level optimization (e.g., MPC), which in-
creases computation and pushes mode constraints and safety
logic to planners, weakening servo-module encapsulation [26],
[27], [28]. Therefore, a joint-level drive-compatible coordina-
tion mechanism is required to schedule MR engagement and
allocate excitation.

Motivated by the need for drive-compatible MR integration,
this article develops an MR-assisted joint module that augments
a PMSM with a parallel semi-active MR bearing torque path
and coordinates its engagement under a standard position in-
terface. The main contributions are:

1) Data-Driven MR Bearing Torque Modeling: An empirical
constitutive map of the MR bearing is identified from sys-
tematic characterization data, yielding a compact torque
surface versus excitation current and rotational speed for
real-time current allocation.

2) Hybrid MR—Motor Role Coordination: A joint-internal
scheduler coordinates PMSM tracking, finite-capacity
MR-assisted holding, damping recovery, and guarded re-
lease using measured state/reference guards, while Ty, is
used for PMSM feedforward and load-dependent holding-
current allocation. The MR branch is released during
nominal tracking and used for holding or dissipation at
the joint module, without upper-level mode scheduling or
online optimization.

3) Torque-Platform Validation: Extensive experiments on
a dedicated torque test platform validate the identified
torque model and demonstrate energy-efficient holding
and disturbance rejection enabled by the proposed coor-
dination strategy.

[I. SYSTEM DESIGN AND MODELING

This section establishes the configuration and a control-
oriented model of the proposed MR-assisted motor joint for
the observer and joint-level coordination to follow. The module
(hereafter, the MR-motor joint) integrates a standard PMSM
actuation path with a parallel MR-bearing path at the joint.
Its mechanical layout is adopted from existing MR-bearing
planetary designs and is not claimed as a structural contribution
[29]. The section proceeds by summarizing the MR operating
modes and experimentally identified torque characteristics, re-
calling the PMSM model in the synchronous d—q frame, and
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Fig. 1. MR-motor joint structure and MR-path operating regimes.

(a) Mechanical layout. (b) MR regimes and coil-current profile.

augmenting the joint mechanics with a data-driven MR torque
term.

A. Mechanical and Structural Overview of the
MR Motor Joint

The MR-motor joint adds a semi-active MR torque path in
parallel with a conventional PMSM drive [Fig. 1(a)]. Three MR
bearings are mounted coaxially between the motor shaft and
the output flange, establishing a parallel torque transmission
path to the electromagnetic drive. The MR path is organized
into three regimes according to the commanded coil current
and the relative slip speed w,, [Fig. 1(b)]. The brief negative-
current segment in Fig. 1(b) is a release demagnetization pulse.
It is used to accelerate the decay of remanent magnetization
and is not considered a separate torque-producing mode. Un-
like a conventional parking brake that mainly provides binary
locking/release, the MR bearing is treated here as a regime-
dependent semi-active torque element. Baseline de-energizes
the coil (ipr = 0) to minimize drag so that the PMSM solely
performs motion tracking. In MR-assisted quasi-static hold-
ing, the coil is excited to provide sufficient pre-yield capacity
for sustaining the load within a small near-zero-speed region
(|wm| < we). The holding burden is then transferred mainly to
the MR bearing, allowing the motor current to ramp down. This
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MAIN HARDWARE AND ELECTRICAL PARAMETERS OF THE PMSM
ACTUATOR AND MR PATH

Parameter Value

96.5 mm X 92.5 mm X 42.3 mm;
0.53 kg

Supply voltage and PMSM command 24 VDC supply used in experiments;
limit output-side torque-command projected to
|T°™d| <22 N-m

22 N-m maximum output torque;
30 rad /s maximum output speed at 24 V
supply

K; =0.63895 N-m/A
equivalent after N, = 6.33)
high-speed 485, 4 Mbit/s baud rate,
6 kHz communication/control frequency,
15-bit absolute rotor encoder

Reoil 4.6 Q,0 < ipmr < 1.5 A; peak
—1.5 A demagnetization pulse within
50 ms

Power/efficiency information used in Energy comparison is based on measured
this work current and resistance-based losses, not on
standalone motor efficiency curves
measured-current Joule losses with Ry =
0.21 Q@

Overall size and mass

Output torque and speed limits

Torque constant and reduction ratio (output-side

Communication and sensing

MR-path electrical limit

Power accounting used in this work

mode is referred to as holding for brevity. Damping keeps the
MR interface in a rotating post-yield state so that the torque is
strictly resistive

Tyur = — FMR MR, [wm]) sen(wm),  Turwm <0 (1)

where Fygr(-) is identified as a current-speed torque map for
real-time allocation.

Table | summarizes the main hardware and electrical pa-
rameters. In all energy comparisons, power is computed from
measured currents and resistance-based Joule losses rather than
from standalone motor efficiency curves.

This work relies on explicit MR torque maps for hybrid
mode scheduling and current allocation: (1) the nominal quasi-
static holding capacity Tholq(iMr) at near-zero slip; and (2)
the post-yield resistive surface Fyr (iMR, |wm|) during relative
rotation. All model parameters are obtained via experimental
identification and held-out validation (Section ).

1) Quasi-Static Holding-Capacity Model: In this work, the
static holding capacity is defined as the maximum load torque
that can be sustained at near-zero slip without macroscopic
break-away during the finite-duration characterization test. The
measured T},01q—tMR CuUrve is monotone saturating, consistent
with field-governed yield stress and magnetic saturation in MR
media [11]; thus 73,01q is parameterized by a four-parameter Hill
model
%71’& 2)
k™ + iR
where Ty, denotes the saturated holding capacity, k is the
offset-corrected half-saturation current, n shapes the transition
steepness, and T} captures the off-state offset (drag/residual
friction). Here, Th014(iMr) denotes the maximum admissible
quasi-static holding capacity rather than the instantaneous MR
reaction torque.

Thold (ZMR) = Tres + (Tsat - Tres)

2) Analytic Inverse for Minimum-Current Allocation: For
energy-efficient holding, the minimum excitation current for a
target holding torque is obtained by analytically inverting (2)

1
Thold - Tres) "
Tsat - Thold

The valid domain is Thold € (Tres, Tsat). To avoid numerical

amplification as Ti,o1q — Tsat, the commanded holding torque
is bounded as

ireq(Thotd) =k ( (3)

Tcmd = min (Thold; Tsat - 6sat) P 5sat >0 (4)

where Js,¢ is introduced as a saturation guard to avoid ill-
conditioned inverse allocation near the magnetic-saturation
plateau. This guard is used only to avoid ill-conditioned in-
verse allocation near the saturation plateau; it is not intended
to compensate hysteresis, thermal drift, or aging. The inverse
map ireq(-) is then evaluated using T¢pnq.

3) Post-Yield Resistive Torque Model: Motivated by post-
yield MR behavior [11], the resistive torque during relative
rotation is modeled as an excitation-modulated yield-like term
attenuated with slip speed, plus an off-state drag offset

FMR (MR, [wm]) = Ty(iMR) 9(lwml) + Tr/es )
with

T'y(ZMR) _ T/ ZMR

— ‘MR __ _ o Hwml
st g lenl) =T O

The electrical dynamics of the PMSM in the synchronous
d—q frame are [30]

di
uqg = Rgiq + Ld% — weLgiq

. di .
ug = Rgig + qu—tq + we (Laia + ¥y) )

where symbols follow standard FOC notation, and p,, de-
notes the number of pole pairs. The motor-side electromag-
netic torque is Te = (3/2)pn[(La — Lq)iaiq +ysiq]. Un-
less otherwise specified, T., 17, and Tyg are expressed at
the output side, with T, = N,T, ,,,. Position, speed, and error
signals reported in the experimental plots and tables are rotor-
side encoder quantities unless explicitly labeled as output-side;
output-side position errors are obtained by dividing rotor-side
values by N, = 6.33.

A unified mechanical equation that covers baseline and
damping regimes is written as

Jm =Te + Tyur — 1, — Bwm ®)

where J is the reflected inertia, B is the zero-field viscous
friction, and 77, is the unknown external load torque. The MR
torque is modeled as

Tres, Baseline (nominal)
Tyur = § —Fur(iMR, [wm|) sgn(wy,), Damping
sat (T, — Te, Thowa(imr)), Holding

9
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where sat(x, Tinax) = sgn(z) min(|z|, Timax) enforces
|TvR| < Thotd(imr). In  baseline mode, Tyg ~0: the
residual off-state drag is not modeled as a fixed positive torque
source, but is absorbed into the zero-field friction term and
the bounded disturbance/modeling uncertainty used by the
observer and stability analysis. The holding condition is valid
when iy > 0, |wim| <we, and the required reaction torque
remains within the available MR capacity. In a conservative
form, this no-breakaway condition can be written as

Ty, — T.| + A1 < Thola(iMR)

where Ap accounts for load-estimation error, MR-map mis-
match, sensor noise, and small load variations. The map
Thoia(+) is identified in (2).

Equations (8)—(9) provide a plant model for subsequent
observer and controller design while explicitly reflecting the
regime-dependent MR behavior.

(10)

I1l. LOAD-AWARE HYBRID
COORDINATION FRAMEWORK

This section develops a hybrid coordination framework for
the MR motor, where the PMSM and embedded MR bearing
provide two coordinated actuation paths within a unified joint
module. The coordinator preserves a standard position-control
interface to upper-level controllers (i.e., the commanded refer-
ence remains ), while MR engagement and current alloca-
tion are handled internally based on load/disturbance awareness
and measured motion states. Thus, the upper-level controller
is not required to explicitly command braking, holding, or
damping modes. Since the MR pathway is semi-active with
distinct pre-yield quasi-static holding and post-yield dissipative
behaviors, we adopt a mode-based policy with explicit con-
straint handling, which is more amenable to verification than
continuously tuning an equivalent damping coefficient under
hysteresis and magnetic saturation.

The sliding-mode observer (SMO) used for this estimate is
referred to hereafter as the SMO-based load-torque observer
(SMO-based LTO). Its output Tr provides load information for
PMSM feedforward compensation and load-aware MR current
allocation in the holding mode.

From the unified joint dynamics in (8), the unknown external
load torque can be written as

Ty, = T.(iy) + Tur — Bw — Jo. (11)

Direct evaluation of (1 1) is impractical because w is not directly
measured and (J, B) as well as the MR torque map are subject
to uncertainty. Therefore, we estimate 77, using a SMO that
augments 77, as a state

1

&= (Tulia) + T — T = B&) + b sgn (w — &)

fL = —k, sgn (w — oD)
(12)

where k, k; > 0 are observer gains.
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To make the effect of MR-model mismatch explicit, denote
the true MR torque by TH1° and define

emr = Ty’ — Tur- (13)
Then the actual mechanical dynamics satisfy
Jw="T,(iq) + Tmr + emr — T, — Bw. (14)
Define the estimation errors
e, =0 —w, eT:TL—TL. (15)
Combining (12) and (14) yields
by = —gew — %eT — k1 sgn(ey) + du (16)

éT = kz Sgn(ew) + dT

where d,, and dr lump the effects of the signed MR-map
mismatch contribution, parameter uncertainty, and load-torque
variation.

Assumption 1: The lumped uncertainties are bounded, i.e.,
|d. ()| < d,, and |dr(t)| < dr for some finite constants. More-
over, the augmented torque error remains bounded during the
reaching phase, i.e., ler(t)| < er for t € [0, t,.].

Let the sliding surface be s = e,, and V = (1/2)s2. From (16)

. B, 1
V= —732 — jseT — ki|s| + sdy
B e _
<o (m —67T—dw>|s|. (17)

Thus, choosing ki > (ér/J) + d,, yields V < —a/2V with
a:=k — (ér/J)—d, >0, which guarantees finite-time
reaching to s =0 in the ideal case and to a small boundary
layer in the presence of noise. In implementation, sgn(-)
is replaced by a saturation function to mitigate chattering,
and (ki, k;) are selected conservatively based on observed
modeling mismatch and measurement noise.

Finally, the SMO is intended for dynamically informative
conditions (baseline or damping modes) where the joint mo-
tion excites (14). In the quasi-static holding regime, w ~ 0 and
Jw == 0, so the measurements provide insufficient excitation to
update 77, reliably. Accordingly, the most recent estimate Tr
obtained during motion is held during holding and refreshed
once the joint re-enters a dynamically excited mode.

The MR-motor joint tracks 6,.f under unknown loading while
reducing holding energy and dissipating transients. As shown
in Fig. 2(a), the PMSM and MR bearing form two parallel
torque paths coordinated by T, and measured motion states.
The coordinator selects among baseline, holding, and damping
modes, disables load-estimate updating during near-zero-speed
holding, and re-enables observation after break-away. Motor-
copper and MR-coil losses are then evaluated using the same
resistance-based accounting in the experiments.
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1) Hybrid Formulation and Reference Generation: Define

eg(k’) = Href(k) — 9(]6)7
— |0) | tar(k)

x(k) = [w(k) , u(k) := i (k)|

The cooperative controller is written as the hybrid law

Abros (k) = Orop (k) — Orer(k — 1)

u(k) = Uy (2(k), Te (k) (18)
where o(k) € {baseline, holding, damping} is selected inter-
nally from (eg, Aber,w) and Uy () is the mode-wise policy.
Guarded release is a transition routine; regular MR commands
are nonnegative, and the release-only reverse pulse is defined

in (29). Commands are projected onto admissible sets before
driver output, e.g.,

Sy i={ T+ TS <22Nm}
Sur = { MR : 0 <iMR < IMR,max }-
Here IIs(-) denotes projection; PMSM commands are torque-
projected, whereas MR commands are current-projected.

Using the load-torque estimate 77, the g-axis feedforward
current is computed as

T 3

ff L

i =L K,:=N,2p, (19)
wr =K, t:= Nyzpn¥y

where N, = 6.33 is the reduction ratio, p,, is the number of
pole pairs, and v; is the permanent-magnet flux linkage (with
ig ~ 0). The PMSM current reference is

% __ b Sid
tgr = tqr + tq,r

(20)

where ig’r is generated by the PMSM tracking loop in Fig. 2(a).
In parallel, an MR reference iy, ,. is generated according to the
selected mode and mapped via the inverse MR model. A mode-
dependent reference generator then applies the PMSM output-
side torque-command projection and MR-current projection to
satisfy actuator limits and semi-active constraints, yielding the
realizable commands for the inner loops.

2) Mode Selection and Guarded Transitions: Fig. 2(b) sum-
marizes the three torque-producing states: reference updates
trigger commanded guarded release, holding break-away trig-
gers damping, and damping exits after dwell-confirmed low-
speed detection.

The mode selection is implemented by the following guards.
The controller enters holding when

lea (k)| < ep,
|A9ref(k‘)| < ey,

wk)] < ew

ey

The three thresholds are the in-position, near-zero-speed, and
reference-update guards.
If the reference changes

|A9ref(k)| > €y, (22)

guarded release is executed before baseline tracking. A ref-
erence update is treated as commanded motion; therefore,
guarded release is executed immediately rather than after dwell
confirmation.

If the reference is unchanged and

|w(k)] > wen (23)

the controller switches from holding to damping while in-
heriting the last holding MR excitation. Damping exit is
evaluated by
C (k) =Vj e {0, 1,..., Nawell — 1} : \w(k —j)| < Wrel
Cz(k’) = |69(kj)| > €y

Clk):=Ci(k) A Caolk). 24)

If C(k) holds, guarded release and baseline recovery are exe-
cuted. If C; (k) holds but C,(k) is false, the joint has returned
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to the holding window and the controller returns to holding.
Thus, Ngwen confirms only the low-speed damping-exit/return
decision in (24); holding entry remains governed by (21),
and the reference-update guard in (22) remains an immediate
commanded-release event.

3) Observer Gating and Mode-Wise Current Allocation: The
controller uses 77, for motor feedforward and MR holding-
current sizing. In MR-assisted quasi-static holding (w ~ 0),
static friction and sensor noise make motion-state load updates
unreliable; therefore, the observer is updated only in motion-
enabled modes

TL(k+) _ {Update,

TL(k)7

o(k) € {baseline, damping}

o (k) = holding. 23)

Freezing Ty, still preserves disturbance detection because load
or MR-capacity exceedance induces motion and re-enables
estimation.

Given TL, the PMSM command uses i;,r in (20), while the
MR command is selected by mode and projected to actua-
tor limits. Upon entering MR-assisted quasi-static holding, the
holding target and robustness margin are computed from the

recent load-estimate window W
Ty = meangewy (|T3(k)])
AT =K Stdkew <|TL(]€)|> .

Here, meanyeyy(-) and stdgew () are statistics over W. The
buffer A covers unobserved load variation and inverse-map
uncertainty within the tested range. It is not intended to com-
pensate MR hysteresis, thermal drift, or long-term aging. The
final target and coil current are

Thold = o, Tyur max] (Thio1a + A7)

(26)

thold = 1[0, insm max] (imq(Thold))~ (27)
The resulting compact mode-wise current policy is
Ya,r , o = baseline
0
~ 0 .
Us (2, Tp) = ] , o = holding (28)
hold
s
e , o = damping
|inold (kHD)

where kgp is the holding-to-damping transition instant. In
damping, the inherited MR excitation avoids rapid remagne-
tization and only requires the semi-active dissipative condi-
tion Tyrws, < 0, rather than tracking a continuous MR torque
reference.

During guarded release, after the nonnegative MR command
reaches zero, the controller applies a short reverse-current de-
magnetization pulse

t—1t
. _idema P i y tr <t <tgr+ Tdema ;
lMR,r(t) - & Tdemag &
07 t> tr + Tdemag

(29)
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where idemag = 1.5 A, Tgemag = 50ms, and p(0) = p(1) =0,
max p = 1. The pulse peaks at —1.5 A and returns to zero
within the release interval; it is not a sustained reverse-braking
or regular torque-allocation mode.

4) Scheduler-Parameter Selection and Implementation Con-
straints: Scheduler parameters were selected from preliminary
noise, settling, and LTO characterization and fixed for all ex-
periments. They include holding thresholds (£, ,,), reference
detection eg,., velocity hysteresis (wrer, win) With £, < wrel <
win, dwell confirmation Nywenn = [Tawel /Ts |, and load-history
margin (W, k). These are guards and margins, not final holding-
accuracy bounds; Table II lists the values.

1) Practical Stability Claim: This section analyzes the im-
plemented dwell-time-constrained scheduler in terms of prac-
tical stability over the stated operating envelope. This scope is
appropriate for the present semi-active MR path, whose hold-
ing action is finite-capacity, hysteretic, and saturation-limited.
Let& = (z,q, x), where z = [eg,w] T, ¢ € {B,H, D, R} denotes
baseline, holding, damping, and guarded release, and x collects
the held load estimate, dwell counter, and release timer. The
implemented scheduler is specified by the guards in (21)—(24),
command projections, observer gating, and the finite-duration
guarded release in (29).

Proposition: Under bounded load variation, bounded MR-
map error, bounded load-estimation error, admissible command
projection, and state-driven dwell confirmation, the imple-
mented MR—motor scheduler is practically stable over the stated
operating envelope. In particular, the tracking state and actuator
commands remain bounded; active-mode tracking is ultimately
bounded; holding is maintained only within the finite-capacity
quasi-static set; low-speed exit/return events are dwell-limited;
transition torques are bounded; and motor-parameter mismatch
enters as a bounded perturbation.

2) Active Modes and Holding Set: For baseline and damp-
ing, the cascaded PMSM servo is represented locally as T, =
Kpeg — Kqw + TL + 6., where 6. collects finite-bandwidth
tracking, torque-constant mismatch, and unmodeled motor-
side effects. With z = [eg,w] ", the active-mode dynamics sat-
isfy 2= A,z + b,d,, where d, groups load-estimation, MR-
map, parameter, residual-drag, load-variation, and noise terms.
Since A, is Hurwitz for K, >0and K4+ B >0,V, =z Pz
satisfies

Vo < —c1|z]? + c2d? (30)

for some ¢y, c; > 0 when |d,| < d,; thus active-mode tracking
is uniformly ultimately bounded. In damping, T\irw,, < 0, so
the MR path does not inject mechanical energy.

The holding mode is represented by the finite-capacity quasi-
static set

Mhota = {(eg,w) : |es] < e, |w| < wen

Ty, — Te| < Thola(imr) — A} (€29)
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TABLE Il

SCHEDULER PARAMETERS AND IMPLEMENTATION SETTINGS USED IN THE IMPLEMENTED CONTROLLER

Parameter Role Selection Basis/Impl tation M g Value

€p Holding eligibility: in-position guard Above static/loaded positioning residuals and within the task-level holding 0.1 rad rotor side; 1.58 x
window; not a final holding-accuracy bound. 1072 rad output side

Ew Holding eligibility: near-zero-speed guard Above the static velocity-difference noise envelope. 0.12rad/s

Eor Reference-update detection Separates command jitter from task-level reference changes. Once exceeded 1.0 X 1073 rad
in an MR-engaged mode, it triggers guarded release before baseline tracking.

Weh, Wrel Damping entry/damping release hystere- wyy, detects break-away/slip motion; e, < wyel < wyn forms velocity 0.30/0.15rad/s

S18

hysteresis.

Tawen, Nawell

sw,max

Dwell-confirmed
acceptance

low-speed  exit/return

20 ms;
505~ %

Rejects short velocity ripples in damping-exit/return decisions; Nawell =
[Tawen/Ts] with fs = 6 kHz; fow, max applies to dwell-confirmed low-
speed exit/return events, not to break-away entry or commanded reference-
update release.

120

samples; <

W =|W|, &

Load-history margin for holding-current
allocation

Covers recent converged load estimates while avoiding stale information;
gives a conservative margin based on recent load-estimate variation.

3000 samples (0.5s); 3

cmd cmd
Kemd K

PMSM command gains

Fixed position-command gains used by the embedded PMSM tracking loop. 5.0, 0.5

kw, kT, ¢ Saturated SMO-based LTO gains Implementation of k; and k, in (12), with sgn(w — @) replaced by 2.0 X 10° rad/sQ;
sat((w — @)/¢) to reduce chattering. 3.0 x 10> Nm/s;
0.5rad/s
fsr Ts Implementation sampling Controller, LTO, scheduler, and MR-current references are updated syn- 6 kHz; Ts ~ 0.167 ms;
chronously; the external torque sensor is used only for recording/evaluation. 7> = 5 ms
fws fr Signal filtering First-order low-pass filters for velocity and load-torque estimate. 20/10 Hz

cmd

o naxs ?MR,max,  Input constraints

idemag

Motor commands are torque-projected; MR excitation is current-limited;
guarded release permits only a short reverse demagnetization pulse.

22Nm; 0<imr < 1.5A;
—1.5 A for 50 ms

Fresp Measured large-step response bandwidth

Estimated from the 10-90% rise time of loaded 5rad rotor-side steps;

~1.0Hz

distinct from the 6 kHz update rate and the dwell-limited event rate.

where A i bounds load-estimation, inverse-map, residual MR,
and implementation uncertainties. If the margin in (26) covers
these terms, the MR path balances the quasi-static load without
sustained motor torque. Otherwise, induced motion violates
23) and triggers damping/release followed by active recovery.
Therefore, holding is treated as finite-capacity quasi-static sup-
port, not ideal immobilization.
3) Dwell-Limited Switching and Transition Torque: The dwell-
limited event-rate bound applies to dwell-confirmed low-speed
damping-exit/return decisions satisfying (24). Hence

waell - NdwellTs > 07 Ntr(T) S 1 + \‘ J (32)

dwell

where N, (T) denotes the number of dwell-confirmed low-
speed exit/return events over a finite interval of length T'. To-
gether with wy) < wyn, this suppresses Zeno-like repeated low-
speed switching and chattering in the implemented scheduler.
Break-away damping entry and commanded reference-update
release are handled by their guards, command projection, and
finite-duration guarded release, rather than by this dwell bound.
The transition torque considered here is the joint-level resul-
tant torque
T, =T, +Tur (33)
rather than the material-level MR torque alone. Since the MR
bearing switches from pre-yield holding to post-yield damping,
strict C° or C'! continuity of Tyr at the yield boundary is not
assumed. On the projected operating domain, T, = K;i, and

the identified MR maps have finite local slopes. Thus, within a
fixed mode o

|AT)| < Ki|Adg| + Lo

Aing| + Loy |Av|  (34)

where v = |wy, |, and L, ; and L, ,, are finite local slope bounds.
At holding-to-damping switching, the damping mode inherits
the latest holding current

ivr,r (kfip) = imr.r (kgp ) = ihota (Fgp) (35)

so the scheduler introduces no additional MR-current command
jump. The remaining static-to-dynamic jump is conservatively
bounded by

|ASTP| < K| A yig| 4 Thotd (inola)

+ FuR (thotd, |wsw|) + ATiq (36)

where A ;(-) denotes the jump across the switching instant, wgy,
is the switching speed, and AT;4q bounds the static/dynamic
MR-map identification errors. Combining (34)—(36) with (32),
T; is piecewise increment-constrained and has only finitely
many bounded switching jumps over finite horizons. During
guarded release, the finite pulse satisfies |img,r| < tdemag =
1.5 A over Tyemag = 50 ms; hence the release-induced torque
is bounded before motor-dominated recovery resumes.

4) Parameter-Mismatch Propagation: Motor-parameter mis-
match enlarges the practical bounds through the SMO-based
load-torque observer and feedforward channel. With J. =
J(l + §J), B, = B(l + 53), and K;.= Kt(l + 5}(), the
dominant mismatch-induced load-estimate component is

el ~ —AJw + AT, — ABw (37)
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Fig. 3. Experimental platform and MR-motor joint prototype.
(a) Testbed. (b) Prototype.

where AJ=J.—J, AB=B.—B, and AT.=
(Kt — Ky)ig. Inertia/damping mismatch mainly affects
transients; torque-constant mismatch scales feedforward as
it = (1+0x) "Iy /K, with the resulting motor command

bounded by the torque-command projection |74 < 22N - m.
Load-estimation bias may shift switching instants or enlarge
transient bounds, but guards still use measured ey, w, and
Ab,.s with projection, state-driven dwell confirmation, and
break-away recovery. If load or parameter drift is excessive,
the guarantee reduces to guarded exit and active recovery.

IV. EXPERIMENTAL STUDIES

This section validates the proposed load-aware mode-
scheduled coordination framework via hardware experiments
on an integrated MR—motor prototype (Fig. 3). The experiments
are organized into five parts:

1) MR torque characterization and hysteresis evaluation for

the holding and post-yield resistive maps.

2) SMO-based load-torque observer validation under step-
wise disturbances.

3) near-rated constant-load quasi-static holding to evaluate
energy saving, holding error, drift, and fixed-current MR
ablations.

4) an application-inspired variable-load tracking-and-
holding task to assess disturbance attenuation, repeated
release/re-engagement, and energy use.

5) motor-parameter sensitivity evaluation under representa-
tive J, B, and K; mismatch.

All applied load changes are finite-slew actuator-
generated transitions interpreted from the measured load-
torque trace; successful trials complete the prescribed
holding/release/recovery sequence without unresolved break-
away or safety-supervisor interruption, and residual behavior
is quantified by the reported error and drift metrics.

A. MR Torque Characterization and Model Identification

This section identifies the static holding-limit model
Thold(imr) in (2) and the post-yield resistive surface
FuR (MR, |wm|) in (5) and (6). The static/quasi-static
characterization, dynamic-slip validation, and identified
parameters are summarized in Figs. 4, 5, and Table I1I.

1) Holding Model Identification and Validation: The static
holding capacity was measured by a quasi-static torque ramp at
near-zero slip. Currents iy € [0.1, 1.5] A with Aiyr =0.1 A
were used for identification, and {0.55,0.65,0.75, 1.35,1.45}

20 - Fitting set: R* = 0.993 0 Eysteress band

20 Hill model

- e ot
ranc e
- Rising branc}
sk g

Torque (N-m)

Torque (N-M)
“ 5

®  Measured (fif)
® Held-out (validation)
Hill model fit

15 00

0.5 10 s m
Current (A) Current (A)

@ ®)

Fig. 4. Static and quasi-static MR torque characterization: (a) holding
fit; and (b) quasi-static hysteresis.

A were held out for validation. As shown in Fig. 4(a), the
forward model achieves R\Z,al =0.991 and RMSE,,; = 0.425
N-m on held-out samples; inverse-map round-trip validation
gives RMSE; = 0.0286 A and max |Ai| =0.0414 A.

2) Quasi-Static Holding Hysteresis Characterization: The
MR current was swept from O to 1.5 A and back to 0 A
under near-zero slip. As shown in Fig. 4(b), the falling branch
is slightly higher than the rising branch; the maximum rise—
fall mismatch is 0.686 N-m at ipr = 1.3 A, or 3.07% of the
identified saturation torque. Thus, the static map is used as
a control-oriented nominal holding-capacity map, and insuf-
ficient holding caused by hysteresis or map mismatch is ex-
posed as slip/position deviation that triggers PMSM-dominated
recovery.

3) Dynamic Slip Mapping and Surface Validation: Dynamic-
slip data were collected over iygr € [0, 1.5] A and |w,,| €
[0.5, 10] rad/s, with held-out current slices (0.7, 1.4 A) and
speed slices (0.25, 9.5 rad/s) for validation. The fitted surface
and validation slices are shown in Fig. 5, and the identified
parameters are listed in Table [II. The identification achieves
R? 4 =0.993 and R(ziyn = 0.9986.

B. Validation of Load Torque Observer

To assess the dynamic tracking capability of the proposed
SMO under practical operating conditions, experiments are
conducted during the position-holding phase. In this scenario,
the rotor position is regulated by a closed-loop position con-
troller, while an external load torque is abruptly applied to
the output shaft. The observer estimates the load torque online
based on the measured electrical and mechanical states.

Fig. 6 depicts the estimation results under three distinct load
levels: T, = 2.6, 5.3, and 9.2 N - m. The upper panels compare
the estimated load torque Ty, with the actual applied torque
measured by the reference sensor, while the lower panels quan-
tify the estimation error. At ¢t =0, a step load disturbance is
applied, triggering the observer’s transient response.

For the low-load case (1T, = 2.6 N - m), the estimated torque
rapidly converges to the actual value with a settling time of
approximately 0.057 s, maintaining a steady-state error within
£0.15N - m. As the load magnitude increases to 5.3 N - m, the
convergence time rises slightly to 0.098 s, with the error bound
remaining within +0.30N - m. Under the highest tested load
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Physics-Informed Model, R? = 0.9986
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Fig. 5. Dynamic resistive MR torque characterization and validation: (a) post-yield torque surface; (b) held-out current-slice validation; and

(c) held-out speed-slice validation.

TABLE Il
IDENTIFIED MR TORQUE-MODEL PARAMETERS

Static Par. Value Unit | Dynamic Par. | Value | Unit
Tsat 223239 | N'm T, 20.31 N-m
Tres 0.428018 | N-m - 0.4264 | N-m

n 2.79539 - n’ 1.454 -
k 0.673665 K’ 0.5994 A
- - - A 0.53 s/rad

of 9.2N - m, the observer continues to converge reliably with
a settling time of 0.253 s and a bounded error of £0.56 N - m.

These results indicate that, within the tested load range, the
proposed observer provides bounded load-torque estimates with
convergence times and error envelopes suitable for the subse-
quent cooperative control.

C. Energy-Efficient Near-Rated High-Load Quasi-Static
Holding via Mode-Scheduled MR Assistance

Constant-load holding was tested at Ty, € {10,15,20} N - m
using PMSM-only active holding, scheduled fixed-current MR
holding at 0.75/1.5 A, and the proposed load-aware MR excita-
tion from 77,. The fixed-current cases retain the same holding-
entry/release sequence but replace load-aware sizing with con-
stant excitation; hence they ablate current sizing under the same
scheduled holding/release protocol, not the scheduler alone.

In Fig. 7, shaded intervals are motion/observation windows
where the SMO-based LTO updates TL; unshaded intervals are
quasi-static holding windows in which the latest converged load
estimate is held for MR-current allocation.

The holding state is evaluated as a pre-yield MR process
using the absolute holding error and residual drift
max 0(t) — Orer (£)],

max
SS

(&

Dy = _
max = 104X 0(t) — 6ol
(38)

where 7T}, is the evaluated steady holding window and 6y = 6(to)
is the post-switching rotor position. A failure is declared when
the tolerance band cannot be maintained, and the safety super-
visor is triggered; the following recovery interval is excluded.

As shown in Fig. 7 and Table IV, the proposed method
succeeds under all tested loads. At 20N - m, P,.; decreases
by 87.3% (246.43 to 31.39 W), with e®* < 3.7 x 10~2rad
and Dy < 1.0 x 1073 rad. The 20N - m case corresponds to

90.9% of the 22 N - m output torque limit in Table I, extending
the validation to a high-load condition close to the actuator
limit.

The fixed-current cases isolate the effect of load-aware cur-
rent allocation. They use the same MR hardware and the same
holding/release sequence, but replace observer-based current
sizing with constant MR excitation. Fixed 0.75 A fails at 15
and 20 N - m because of insufficient holding capacity, whereas
fixed 1.5A and the proposed method both succeed through
the same finite-capacity quasi-static holding mechanism. Com-
pared with fixed 1.5 A, the proposed allocation reduces ac-
counted total power by 51.3% and 25.0% at 10 and 15N - m,
respectively, while maintaining comparable holding error and
drift; at 20N - m, the required capacity approaches MR satura-
tion, so the proposed current and power naturally approach the
fixed high-current case.

Here, Dp.x quantifies finite-window drift, not indefi-
nite immobilization; macroscopic break-away triggers damp-
ing/release and motor recovery.

D. Application-Inspired Variable-Load
Tracking-and-Holding Task for Disturbance
and Energy Evaluation

A 30s variable-load tracking-and-holding task is con-
ducted on the torque test platform to emulate representa-
tive load-varying position-control episodes of robotic ma-
nipulator joints, including loaded transfers, target holding,
load increase/decrease, bounded fluctuations, and guarded MR
release/re-engagement. This task evaluates disturbance attenu-
ation and energy use under repeated reference and output-side
load variations.

Five cases were compared: G1, motor-only PD; G2, motor-
only LTO-AC with TL feedforward and iy = 0; G3/G4,
scheduled fixed-current MR baselines at 0.75/1.5 A; and GS5,
the proposed load-aware hybrid coordination. Hierarchically,
G1/G2 evaluate motor-only compensation, G3/G4 retain the
scheduled MR engagement/release protocol but use constant
excitation to isolate current sizing, and G2 versus G5 evaluates
the integrated benefit of a scheduled MR branch with load-
aware sizing.

Robust or optimal motor-side controllers can improve active
disturbance rejection but still require continuous electromag-
netic torque during static holding. Accordingly, LTO-AC is the
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TABLE IV
HIGH-LOAD HOLDING PERFORMANCE AND SEQUENCE-AVERAGED
POWER

Load Method Res. P,, P. Pio: Save erms €max Dmax
(N-m) W) W) (W) (%) (mrad) (mrad) (mrad)

10 PMSM A 6191 0 6191 - 232 335 -
10 Fix075A S 622 269 890 856 241 358 <1.0
10 Fix15A S 576 1029 16.05 74.1 246 366 < 1.0
10  Prop. S 59 187 7.82 874 239 351 <1.0

15 PMSM A 13930 0 13930 - 282 405 -

15 Fix075A F - - - - - - -
15 Fix1.5A S 1272 10.29 2301 835 247 368 <1.0
15  Prop. S 1320 4.06 1726 87.6 242 357 <1.0

20 PMSM A 24643 0 24643 - 235 346 -

20 Fix075A F - - - - - - -
20 Fix I.5A S 21.15 1030 3145 872 20.8 309 <1.0
20 Prop. S 21.83 956 31.39 873 243 361 <1.0

Note: PMSM: active holding; Fix: fixed MR current; Prop.: load-aware allocation.
A/S/F denote active, successful MR holding, and failure. Power values are complete
25-s sequence averages; Piot = Py, + P.. Failed cases are not evaluated. Errors
are rotor-side; output-side values equal rotor-side values divided by N, = 6.33.

motor-only reference, G3/G4 are current-sizing ablations under
scheduled MR engagement, and G5 is the full coordination

case.

Fig. 8 shows representative responses for G2, G3, and G5,
with all metrics in Table VI. G5 reduces load-increase de-
viations relative to G2/G3; when load decreases within MR
capacity, pre-yield holding sustains the new load without vis-
ible excursion, consistent with holding T during quasi-static
holding.

Fig. 9 confirms that G5 reduces a representative high-load
deviation relative to LTO-AC and Fixed-0.75A MR. The short
negative pulse is only for guarded demagnetization; the MR
path is removed before motor-dominated recovery and re-
engaged after quasi-static holding resumes.

For quantitative evaluation, peak disturbance error excludes
planned tracking transients over Tnq = [0, 1.5] U [3.5,7.0] U
[9.0,15.0] U [17.0,22.0] U [24.0,30.0] s, while rms error and
IAE use [0, T

€max = X lea(t)],

T
Jiag = / leo(t)] dt.
0

€rms =

(39)
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TABLE V
COMPACT PROTOCOL SUMMARY OF THE VARIABLE-LOAD TRACKING-AND-HOLDING TASK
Phase Time (s) Position Reference (Rotor Side) Output-Side Load Command Purpose/Rate Information
Pl 0-3.5  hold O rad, then smooth 0 — Srad 8 N -m initial holding and planned approach
P2 3.5-7.0 hold 5 rad 8 N - m, then 6 + 2sin (27 - 0.5(t —5.0)) N-m low-load  holding and  fluctuation;
|7 | max = 6.28 N - m/s
P3 7.0-15.0 smooth 5 — 2 rad, then hold 2 rad 2 N - m during motion; then 2 — 6 — 2 — 10 N - m with 1.5 s plateaus  low-/medium-load steps; rate from mea-
sured T,
P4 15.0-17.0 smooth 2 — —0.5 rad 10 N-m loaded planned transfer
P5 17.0-22.0 hold —0.5 rad 10 — 18 N - m, then 15 + 3sin (27 - 0.5(¢ — 20.0)) N -m high-load step loading and fluctuation;
|TL | max =9.42 N -m/s
P6  22.0-24.0 smooth —0.5 — 1 rad 12N -m loaded planned transfer
P7  24.0-30.0 hold 1 rad 12— 16 — 12 — 20 N - m with 1.5 s plateaus high-load steps and short challenge; rate

from measured T,

Note: For step-load phases, the command is piecewise constant and changes at the phase boundary. The actual load-transition rate is actuator-limited and is evaluated from the

measured output-side torque as
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Fig. 8. Variable-load tracking-and-holding task: (a) rotor-side position;
(b) rotor-side error; (¢) measured/estimated output-side load torque; and
(d) MR current. Shaded regions follow Table V.
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Fig.9. Magnified high-load disturbance and guarded-release response.

Planned position-transition intervals are excluded from the peak disturbance-error evaluation.

TABLE VI
QUANTITATIVE COMPARISON IN THE VARIABLE-LOAD
TRACKING-AND-HOLDING TASK

Method €max €RMS JIAE Pmotor PMR  Protal
(rad) (rad) (rad-s) (W) (W) (W)
Motor-only PD 1.2041 0.3062 5.2205 157.596 0.000 157.596
LTO-AC 0.4480 0.1439 2.6472 115.327 0.000 115.327
Fixed-0.75A MR 0.9605 0.2062 2.8073 62.866 2.056 64.923
Fixed-1.5A MR  0.0173 0.0943 1.1818 20.819 8.228 29.046
Proposed 0.2560 0.1068 1.6649 22423 2.138 24.561

Note: Error metrics are evaluated from rotor-side position signals; load
torques are output-side quantities.

The motor copper loss, MR-coil Joule loss, and accounted total
average power are evaluated from measured currents using the
same resistance-based accounting. For the variable-load task,
these quantities are reported as Protors Pur, and Piotal =
Protor + Pur for all compared methods.

Table VI summarizes the metrics. Compared with G1, G2
reduces Jiag from 5.22035 to 2.6472rad - s and Piota from
157.596 to 115.327 W, confirming the benefit of motor-side
load-torque compensation. The G2-to-G5 comparison evalu-
ates the complete MR-assisted coordination: scheduled engage-
ment, guarded release/re-engagement, and load-aware sizing.
Relative to G2, G5 reduces e, from 0.4480 to 0.2560rad
and accounted total average power from 115.327 to 24.561 W;
motor-side compensation alone therefore cannot remove the
continuous holding burden.

Fixed-current MR baselines isolate the current-sizing ben-
efit. G3 saves power but lacks high-load margin (eyax =
0.9605 rad), whereas G4 gives the smallest errors by conser-
vative excitation but uses 8.228 W average MR-coil power. G5
does not minimize all errors; relative to G4, it reduces MR-
coil power from 8.228 to 2.138 W and accounted total aver-
age power from 29.046 to 24.561 W. Thus, G3/G4 versus G5
quantifies current sizing, while the variable-load task function-
ally validates role scheduling through planned release, holding,
break-away response, recovery, and re-engagement; no separate
percentage contribution is assigned to the scheduler alone.

E. Motor-Parameter Sensitivity Evaluation

The MR-motor prototype and load remain unchanged; only
the nominal parameters in the SMO-based LTO and command
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law are perturbed to emulate controller-side mismatch. Sensitiv-
ity to nominal motor-parameter mismatch was evaluated under
the same 10 N - m condition as Fig. 7(a).

Seven cases were considered: nominal CO; inertia mismatch
C1/C2; damping mismatch C3/C4; torque-constant mismatch
C5/C6; and combined mismatch C7, with perturbations listed
in Fig. 10. The tracking-error and g-axis-current differences are
defined relative to CO as

Aeg = €0,case — €6,C0; AZ'q = iq,case - Z‘q,CO~ (40)

Fig. 10 shows that inertia/damping mismatch mainly affects
LTO transients, whereas torque-constant mismatch appears in
the torque-current channel. In the adverse case C7, the max-
imum LTO bias, baseline-corrected tracking-error variation,
and additional g-axis current are 1.536 Nm, 2.691 mrad, and
1.375 A, respectively. The MR-current command changes neg-
ligibly in these controller-side mismatch tests, and no unre-
coverable tracking failure or additional mode switching is ob-
served. These results indicate bounded sensitivity within the
tested mismatch range. They should not be interpreted as ro-
bustness to arbitrary plant changes, hardware replacement, or
long-term parameter drift, for which recalibration or online
adaptation would be required.

V. CONCLUSION

This article presented a joint-level coordination framework
for an MR-assisted PMSM joint that preserves a standard
position-reference interface while coordinating low-drag track-
ing, finite-capacity MR-assisted holding, post-yield damping,
and guarded release inside the joint module. Experiments on
the integrated prototype verify reduced holding power and an
improved disturbance-response/energy trade-off compared with
motor-only and fixed-current MR baselines. These results indi-
cate that the improvement mainly arises from load-aware MR-
path scheduling and current allocation, rather than from the MR
hardware alone.

For long-duration deployment, the identified MR maps
should be treated as nominal because hysteresis, thermal ef-
fects, wear, aging, and MR-medium creep may shift the holding
capacity and resistive torque. Future work will address robotic-
platform validation, rapidly varying loads, temperature-aware
MR-map adaptation, online recalibration, creep characteriza-
tion, and drive-level current shaping.
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