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ABSTRACT As research into technology for autonomous vehicles becomes ever more intensive, the need
for redundant system designs, as a solution for fail-operational functionality, has also increased. Redundant
systems are those involved in maintaining normal operation even when one or more components fails.
In particular, in electric power steering (EPS) systems, redundancy is achieved by applying dual-winding
(DW), permanent magnet synchronous motors (PMSMs) and dual electronic control units (ECUs). In this
study, the torque and efficiency of DW-PMSMs is analysed based on the manner in which the currents in each
winding mechanism are combined. It was found that the PMSMs have maximum torque and efficiency when
the current ratio was the same between DWs. A diagnostic strategy is proposed whereby the phase current
ratio of dual lanes is not matched. The proposed diagnostic process includes the selection of the optimal fault
threshold of the current difference between two ECUs and a method for distinguishing which of these was a
failure for disagreement. In addition, depending on whether or not failure detection has occurred, a current
compensation control method is proposed for reverting to normal operation or for failure operations. The
dual-lane system was fabricated and the proposed solutions were experimentally verified.

INDEX TERMS Automotive redundant systems, dual three-phase permanent magnet synchronous motors,
dual electronic control units, current ratio, optimal fault threshold, diagnosis, disagreement, fail-operational

system, current compensation control, functional safety.

I. INTRODUCTION

Owing to the commercialisation of autonomous vehicles,
there is increasing demand for passenger safety. It is becom-
ing difficult to create functional safety designs under such
circumstances given the highly rigorous requirements of
1S0O26262, the functional safety standard specification for
automotive components [1], [2]. In light of the fact that
failures of electrical automotive components in autonomous
vehicles can lead to fatal accidents, solutions are being
explored to ensure continuous operation, even in the event of
an electrical fault. In previous electric power steering (EPS)
systems, if an electrical fault occurred in a motor or an elec-
tronic control unit (ECU), the safe state, also called the “‘fail-
safe” or ““fail-silence”, targeted error detection and reaction.
In other words, existing systems pursue ‘“‘no torque assist”
as a safe state. In autonomous driving systems, however,

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Xu

the safe state of a fail-operational system should target error
detection, isolation, and failure recovery. Stated differently,
the safe state of the EPS system changes from ‘“no torque
assist” to “‘permanent torque assist”’. In order to satisfy this
safe state, redundant design is one of the solutions currently
being explored.

Redundant systems facilitate a fail-operational function in
which one side fails and the other maintains normal opera-
tions. Redundant design concepts that can adequately isolate
the faulty part and maintain functional operation with alter-
native hardware are being widely investigated as solutions to
fail-operational systems [3]-[5]. Typically, in such redundant
systems, dual three-phase motors are employed and dual
ECUs are designed as two electrically-isolated units [6]-[9].
As is shown in Fig. 1(a), a steer-by-wire EPS system, defined
in SAE for level 4 and 5 autonomous vehicles, has a redundant
system configuration with two battery voltage supply lines.
This configuration consists of dual-winding (DW) motors
and dual ECUs, and each lane has a separate battery voltage
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FIGURE 1. Structure of redundant systems: (a) mechanical structure of a
steer-by-wire EPS system, (b) DW structure of PMSMs.

supply line and ground. Fig. 1(b) shows the DW structure of
the permanent magnet synchronous motors (PMSMs) used
in the dual lanes. Windings —1 and —2 of the motors are
symmetrically mounted at an angle of 180° with respect to
one another. The electrical connections of windings —1 and
—2 are independent, and their neutral points are separate.
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FIGURE 2. Functional block diagram of dual lanes.

Fig. 2 shows a functional block diagram of the dual-lane
redundant systems. The micro-controller unit (MCU) of each
lane is divided into two segments; an upper controller that
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calculates the steering function and a lower one that controls
the motor. The steering function component calculates the
torque command for the motor control by means of torque
sensing values, steering angle and vehicle information from
an external interface. The motor control component supplies
power to the motor in accordance with the calculated torque
command. For normal operation, each lane produces up to
a maximum of 50% of the output, which means the sum of
maximum outputs of the two lanes totals 100%. When the
DW-PMSMs generate the maximum torque (100%), 50% of
the total required current flows into each separate winding.
If a fault occurs in one lane, the faulty lane is disabled and
isolated, with the normal lane operated with up to 50% of the
total output power at maximum. In EPS systems, it is possible
to achieve the steering assist function at high speeds, even
with a torque output of less than 50%.

However, if the total output required is 50% instead of
100%, the output ratios of each lane can vary from a perfor-
mance viewpoint, such as 25%:25%, >25%: <25%, or vice
versa. For instance, if the maximum output of each lane is
2.5 Nm, the maximum output of each redundant system is
5 Nm. For realising the maximum output, each lane output
should be 2.5 Nm. However, if the target torque command
is 2.7 Nm, the redundant system should choose whether to
equally output 1.35 Nm from each lane or to output the torque
with different ratios, such as 1.7 Nm:1.0 Nm. It is necessary
to investigate the optimal current ratios of each winding from
the viewpoint of achieving the maximum torque performance
or the maximum efficiency of the DW-PMSMs.

After the proper current ratio has been determined in terms
maximising performance, if the current ratio is not controlled
as intended, there is a problem in determining whether this is
caused by a hardware deviation or malfunction of the MCU
between the two lanes. If it is not a fault or damage of
the components, but a deviation between the two lanes such
as with respect to current sensing, a control compensation
method is needed to return to normal current ratio as intended
in order to achieve optimal performance. If there is a mal-
function of the MCU, such as an incorrect torque command
or current calculation error, in order to satisfy the safety goal,
the failed lane must be isolated and the torque assist operation
maintained using another normal lane. Short-circuits or dam-
age to semiconductor devices can be detected by means of
well-known diagnostic method and the MCU for automotive
safety integrity level (ASIL) includes one or more lock-step
cores, and so hardware failures of the MCU can be easily
detected. However, if the two MCUs calculate differently,
such as due to computational errors rather than hardware
failures, the problem arises of distinguishing which of the
dual lanes is true or false.

In this study, we theoretically analyse and derive the opti-
mal current ratio in light of the maximum torque perfor-
mance and efficiency of the DW-PMSMs. And when the
redundant systems could not be controlled in accordance with
the intended current ratio, we propose an optimal diagnostic
threshold that can distinguish true and false faults and propose
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a fault judgment method to distinguish which MCU under-
goes a failure between the dual lanes. Moreover, a current
compensation control strategy for normal operation recovery
and failure operation is proposed.

Il. CALCULATION OF DW-PMSMS TORQUE AND
EFFICIENCY USING CURRENT RATIOS

In order to estimate the torque performance of the system,
it is necessary to investigate the inductance of DW-PMSMs
according to their current ratios. To analyse the inductance
of the DW-PMSMs, the inductance of each motor should be
obtained as a function of the phase current magnitude. With
ECU-1 turned on and ECU-2 turned off, the inductance of
motor-1 can be calculated from the voltage equation of the
d-axis while increasing the g-axis current from 0 A to 70 A
through winding-1:

. d . .
Vak = Ralak + Larx —iax — wrLgkigh, (k=1,2) (1)

dt
where R, is the stator winding resistance, igx and iy are
the dg-axes currents, respectively, Ly and Ly are the dg-
axes inductance, w, is a synchronous angular speed, and the
subscripts k denote motors —1 and —2. With the DW-PMSMs
shown in Fig. 1(b), the d-axis was controlled with zero cur-
rent (iy; = 0 A), and the values of V;; were experimentally
measured as the magnitude of i;; was increased and the
measured V;; were negative values. The electrical speed was
1000 rpm, which means that w, was fixed. With the measured
Va1 and iy, the value of Ly could be calculated by means of
equation (2):

L= -4t @)

wrig]

The inductance of motor-2 could be calculated in the same
way as that of motor-1; that is, with ECU-1 turned off and
ECU-2 turned on. The changes in L, and Ly as the g-axis
currents increased from O A to 70 A are shown in Fig. 3(a).
Wheniy =0A, the Ly was estimated using the interpolation
method with the inductance values calculated from 7-70 A of
igk- It can be known that the values of L, and L, decreased
as the g-axis currents increased. In this instance, the sum of
the total inductance (L = Lg1 + Lg2) of the DW motors
is shown Fig. 3(b). The value of Lg,, is the highest when
the current ratios are equal and the value decrease as the
difference between the current ratios increases.

If the battery input voltages and rotor position sensing
values of ECUs —1 and —2 are the same, the PMSMs with the
concentrated symmetrically-mounted windings of 8-pole and
12-slot combination have very little mutual inductance effects
on the torque output. The sum of the torque outputs when
driving motors —1 and —2 separately and the torque output of
the DW motors is then matched. Therefore, the consideration
of the mutual electromagnetic coupling was excluded.

Considering the change in inductance according to the
difference between the currents through each of the windings,
it was possible to estimate the change in torque. The sum
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of the total torque and the torque of each motor could be
computed using equations (3) and (4), respectively [10].
At the rotation speed of 1000 rpm, the d-axis was under
zero-current control, but a very small current actually flowed,
and so we assumed iz = —0.1 A for the torque calculation.
Experimentally, the d-axis inductance Lg; barely changed,
and the change in the magnetic flux linkage ¢y was marginal
depending on the difference between the g-axis currents of
each of the windings. Here the L was assumed to be fixed.
Therefore, by using equations (3) and (4), the change in
torque according to ¢y, Lgx and iy could be calculated:

Tsum = Tl + TZ (3)
T = Pu (dpige + (Lak — Lak) iaxigr), (k=1,2) (4

where P,, is the number of pole pairs.

Fig. 3(c) shows that the combined torque Ty, is high-
est when the current ratios are equal, whereas the torque
decreases as the difference between the current ratios
increases. The graph of the torque change is very similar to
that of the inductance change. However, the magnitude of
change in torque with the difference between the two motor
currents is very small because the value of the inductance
itself is small, even when the inductance changes. Although
the magnitude of the torque change owing to the current dif-
ference is small, the torque changes as the current difference
does under the same conditions.

Fig. 3(d) shows the change in the total loss of the
DW-PMSMs as the g-axis currents change from 0 A to 70 A.
In order to calculate the efficiency of the DW-PMSMs, it was
necessary to calculate their total loss as the current ratios
changed. The copper loss of the DW-PMSMs W, g, could be
computed using equations (5)—(7). Because the d-axis current
was zero-current controlled, equations (5) and (6) can be
expressed as functions of the stator winding resistance and
the current flowing through each motor, as in equation (7):

Woe = Ro (3 +1%). (k=12) 5)
We sum = Wer +Wea,  (ig1, g2 = 0A) (6)
We sum = Rq (iél + 132) (7)

According to equation (7), W, g, increases as the dif-
ference between i, and iy does. The iron loss of the
DW-PMSMs W; g, relates to the eddy current and the hys-
teresis loss of the core owing to temporal variation in the
magnetic fields [11].

The change in iron loss according to the current ratios of
the windings was compared via simulation. In this simulation,
the motor rotation speed was fixed to 1000 rpm. The simula-
tion results indicate that the iron loss increased to a greater
extent when the current ratios changed than when the current
ratios were constant, as is shown in Fig. 4(a) and (b). When
the currents between the windings were equal, as in Fig. 4(a),
Wisum = 2.77 W, and when the difference between the
winding currents was the maximum, as in Fig. 4(b), W; gm =
3.25 W. This can be attributed to the fact that the core loss
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FIGURE 3. According to the phase current ratios: (a) change in the inductance of each motor, (b) change in the inductance
of the DW-PMSMs, (c) change in the torque of the DW-PMSMs, (d) change in power loss of the DW-PMSMs. The horizontal
axis represents the different g-axis currents in each motor. The sum of ig; and ig; is 70 A.

increases as the magnetic flux density B,, does, as in equa-
tion (8):

Pcore loss = kthi + kEfZBrzn (8)

where kj, is the hysteresis loss coefficient, k. is the eddy
current loss coefficient, and f is the switching frequency.
Compared to the output power of the DW motors, the iron
loss and its changes are very small depending on the ratios of
the currents flowing through each winding. The total loss of
the DW-PMSM:s is mostly copper loss. The efficiency of the
DW-PMSMs, 7 is expressed by equation (9):

Tsumwr [Py
Tsumwr /Py + We sum + Wi sum

The larger the difference between the currents flowing
through each of the windings, the larger the copper loss

©))

77:
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We sum and the magnitude of change in Ty, is smaller than
that of the change in the loss. Therefore, the efficiency of the
DW-PMSMs is the highest when the current ratios are equal,
and the motor efficiency decreases as the difference between
the currents increases. In summary, considering the torque
and efficiency of the DW-PMSMs, the current ratios of each
winding should be equal in order to achieve optimal perfor-
mance. Therefore, it is necessary to ensure that the ratios of
the currents flowing through each winding are always equal
in the normal status.

Ill. PROPOSAL FOR AN OPTIMAL FAULT THRESHOLD
AND FAULT JUDGMENT METHOD

A problem in which one of two lanes does not operate due to a
failure of hardware can be easily diagnosed, but if both lanes
operate but there is disagreement between the two lanes, it is
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FIGURE 4. Simulation result of the iron loss according to the current
difference between motors —1 and -2: (a) ig; = 35 A:igy =35 A,
(b) iql =0A: iq2 =70A.

necessary to analyse how best to diagnose it. As previously
determined, the current ratios in the dual lanes should be
the same, but if there is a difference, it is necessary to first
determine how much the current difference should occur to
be considered a fault, and secondly, which of the two lanes
is faulty. In order to solve the problem of how much more
of a current difference will be found to be a failure, it is
important to distinguish whether a current difference occurs
due to an inevitable deviation, such as a dispersion error
in electronic components and calculations related to current
sensing, or whether it is due to an incorrect torque command
calculation by the MCU. As the suitable reaction depends on
whether or not it is a failure, an accurate diagnosis is required,
as is the selection of an optimal fault threshold to confirm a
failure. The diagnostic threshold is defined as the difference
in phase currents between the two lanes, €.

If the torque command values of the two MCUs are equal
and the current difference between the two lanes occurs
below e, it can be considered a deviation in each lane rather
than a failure. It is necessary to recover the currents between
the two lanes equally by again controlling the currents.
In other words, it is necessary to retry the diagnosis prior
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to detecting it as a failure and entering the safe state. If the
current difference is below & but the torque command values
of the two MCUs differ, and if the current difference occurs
above &, they can be considered a failure, not a deviation, and
after identifying which MCU has failed, the faulty lane enters
the safe state so as to not violate the safety goals.

What should be considered along with the fault threshold in
the diagnosis is the filtering time for confirming the failure.
This is also called the qualification time, and it can be set
as a counter base or time base. The qualification time for
detecting an intrinsic fault in order to prevent a false fault
due to temporary errors or system noise is defined as 7.
In other words, the current difference between the two lanes
is confirmed as a failure after at least 7, time has elapsed.
The timespan from the detection of a fault to a reaction to
it, including ., constitutes the fault-tolerant time interval,
which in this study was assumed to be 100 ms.

A. CALCULATION AND SELECTION OF THE OPTIMAL
FAULT THRESHOLD

In order to determine the fault threshold &, the current-sensing
deviation, which comprises a direct cause of the current
difference, should be considered. In the EPS ECU, instead
of the hall sensor type, a shunt resistor has typically been
used recently as a current sensor to reduce the design cost.
When the motor current flows, the voltage at both ends of the
shunt resistor is sensed and amplified by the current sense
amplifier and then the analogue voltage is sensed by the
analogue digital converter (ADC) channels of the MCU. The
& can be calculated by considering the deviations from the
shunt resistor, current sense amplifier and ADC module of
the MCU. Fig. 5 shows a simplified circuit diagram of the
entire current-sensing hardware path.

When a positive and negative phase current flows through
the shunt resistor, the voltage across the resistor enters the
input of the current sense amplifier. This differential input
voltage V4 is expressed in equation (10). The shunt resistance
had a maximum deviation of 1.75% when the tolerance of
the resistance and temperature coefficient were considered.
Vis has minimum and maximum values according to the
deviation in the shunt resistance. The current sense amplifier
in Fig. 5 featured a gain A, = 10 and the output offset
zero-point voltage Vo = 2.5 V. The minimum and maximum
values of the voltage output of the current sense amplifier V,
are expressed by equation (11), considering the input offset
error Vs, gain error A, and output offset error V. The out-
put voltage V, is inputted into the ADC channels of the MCU
and converted into a digital value, V,, opc. In the process
of converting V,, to V,, apc, it is expressed as equation (12)
because the ADC module also features the following errors.
As the ADC module is supplied with a separate analogue
voltage from the external regulator, there is an output voltage
tolerance of the regulator Vapc_g. There is also an ADC
error voltage Vapc_g such as RMS noise or input-referred
noise. Converting the V,, opc to a phase current value with
Vor» Ay and Rg renders it the finally sensed phase current
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FIGURE 5. Simplified circuit diagram of the current-sensing hardware path.

TABLE 1. Current-sensing-related parameters and worst-case analysis results.

Item Parameters Unit Minimum Typical Maximum Comments
value value value
Phase current Ipn A =70 70
Total error rate of resistance Rerr % -1.75 1.75
Shunt Resistor . L
Resistance considering error Rg mQ 1.965 2.000 2.035
. L When I,,=70 A, it was
Differential input voltage Via \% 0.138 0.140 0.142 calculated by equation (10).
Input offset voltage Vig mV -1 1
Output offset Vor A% 2.5
Current sense
amplifier Output offset error Vose mV 50 50
Gain A, - 10
Gain error Aye - 0.99 1.01 Error rate : +£1%
When ,,=70 A, it was
: ph s
Amplifier output voltage v, \% 3.801 3.900 3.998 calculated by equation (11).
MCU ADC reference voltage tolerance Vapc r - 0.99 1.01 Tolerance rate : +1%
ADC error voltage Vapc k mV -1.1 1.1
When 1,,,=70 A, it was
Output volt rted to ADC v, \ 3.762 4.039 ph ’
uiput vottage converted to o-Abc calculated by equation (12).
Finally sensed phas; current value corresponding to Lonsen ® A 63.13 70 76.99 When I,,=70 A
'» apc Value
. . Vo Vo
*When converting from V,,_spc t0 Ipp_sen, the formula is as follows: Iy, en = #C(wa)
value Iyp_sen. All of the values of the parameters that can In the worst case, the converted sensing current /,_se, Can
affect the current-sensing deviation and the worst-case analy- have a current deviation of 7 A. The 7 A is the deviation of
sis process using the minimum-maximum method are shown the current that can occur in one lane, and so the deviation
in Table 1. of the current difference that can occur in two lanes is a
maximum of 14 A in the worst case. Under normal status,
the difference in the current that can be caused by deviations
between the two lanes cannot exceed 14 A. Therefore, € was
Via = Viny — Vin— = LpxRg (10)
A A 1 selected as 14 A.
Vo = (Vid + Vie ) X (Ay X Ave) + (V‘)f Vo 6) (11) If the torque command values are the same and the dif-
Vo apc = (Vo x Vapc_r) + Vanc_k (12) ference in the current is less than 14 A, it should first be
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FIGURE 6. Proposal of an interdependent monitoring system between dual lanes using an aux MCU.

considered that the current mismatch is not due to a fault in the
MCU, but to a deviation in current-sensing. In other words,
an attempt must be made to again equalise the currents of the
dual lanes through the current control before it is judged to
be a failure. However, if the current difference is greater than
14 A, either lane is considered to have failed. An optimal
diagnostic threshold e was derived through the worst-case
analysis of current-sensing deviation.

B. PROPOSAL OF THE FAULT JUDGMENT TABLE FOR
DISAGREEMENT BETWEEN THE DUAL LANES
The phase current of each lane varies according to the torque
command T¢ys1 and Tepyo calculated by the steering func-
tion module of each MCU. Typically, electronic component
damage such as battery or ground to short-circuit or chip
defects can be easily detected through diagnostic functions,
but it is difficult to detect MCU calculation errors such as the
algorithm edge error, memory error or overflow. An abnormal
calculation of the MCU due to software errors leads to an
incorrect torque command and outputs a false phase current.
If the current difference between the two lanes is less
than &, and the T¢ys; and Tcpgo values are the same, it can be
recognised as a current deviation due to the current-sensing
deviation as described above. However, if the current differ-
ence between the two lanes is greater than & or the Tcys1 and
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Tcumo values differ, it is necessary to distinguish which MCU
operation is true. If the triple-redundancy concept is applied
to the failure operation, the same algorithm is executed in
three identical cases, and these calculated values or phase
currents are compared to each other and the failed MCU can
be identified as a majority decision principle (two are the
same and one is different). However, in the automotive EPS
application, the architecture of the dual-redundant design
concept is primarily used due to the complexity and cost of
the hardware. In such a dual-redundant system, there can be
disagreement between Tcpr1 and Tcpy2, leading to a situation
called a “byzantine-fault™.

In order to distinguish which of the two MCU operations
was true in the dual-redundant system, an interdependent
monitoring system is proposed, as is shown in Fig. 6. In gen-
eral, in EPS systems that must meet ASIL-D, a multi-core
MCU is primarily used and so there is a separate core that can
monitor other processors while simultaneously performing
the same algorithm or calculation. In this study, in addition
to the primary single-core MCU with lock-step core (main
MCU) that directly controls the PMSM, a separate additional
auxiliary monitoring MCU (aux MCU) was applied place of
the multi-core MCU. The aux MCU in each lane received
the same battery supply and external signals, such as torque
sensing values and steering angle values, and also calculated
the torque command value using the same algorithm as the
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TABLE 2. Fault judgment table for a single-point fault.

Component Main MCU-1 Aux MCU-1 Main MCU-2 Aux MCU-2
T C d T, T, T, T,
orque or'nman cM1 CAL cM2 cA2 Reaction
Comparison - (Tems Tears Temz) - Temzs Teazs Temn)
Judgment - Normal or Fail - Normal or Fail
A B B B Th in MCU-1 has a fault
€ main -1 has a fault.
Case 1 B (A, B, _B) B (B, B, fA) Therefore, shut off lane-1.
- Temn failed - Tenn failed
B A B B Tean and Tgyp are normal.
Case 2 - (B, A, B) - (B, B, B) No current difference.
- T aq failed - Normal Therefore, case 2 can be excluded.
B B A B Th in MCU-2 has a fault
€ main -2 has a fault.
Case 3 B (B, B, _A) B (4, B, B) Therefore, shut off lane-2.
- Temo failed - Temo failed
B B B A Tean and Tgyp are normal.
Case 4 - (B,B,B) - (B, A, B) No current difference.
- Normal - Te 4z failed Therefore, case 4 can be excluded.

2A and B are the calculated torque command values of each MCU.

TABLE 3. Fault judgment table for a dual-point fault.

Component Main MCU-1 Aux MCU-1 Main MCU-2 Aux MCU-2
T C d
orque or'nman Tem Tean Temz Tear Reaction
Comparison - (Tems Tears Temz) - Temzs Teazs Tema)
Judgment - Normal or Fail - Normal or Fail
A B ¢ ¢ Th in MCU-1 h fault
e main -1 has a fault.
Case 5 B (A.B,C) B (GG, .A) Therefore, shut off lane-1.
- Be shelved - Ten failed
A ¢ B ¢ Ttisi ible to jud,
) _ is impossible to judge.
Case 6 (4,C.B) (B,C,A) Therefore case 6 was excluded.
- Be shelved - Be shelved
A C C B
The main MCU-1 has a fault.
Case 7 B *, G, _C) B (C.B, A) Therefore, shut off lane-1.
- Ty failed - Be shelved
¢ A B ¢ Th in MCU-2 has a fault
e main -2 has a fault.
Case 8 B (C. A, B) B B, C, .C) Therefore, shut off lane-2.
- Be shelved - Temo failed
C A C B Tepn and Ty, are normal.
Case 9 - (C,A,C) - (C,B,C) No current difference.
- T, a4 failed - T4 failed Therefore, case 9 can be excluded.
¢ ¢ A B Th in MCU-2 h fault
e main -2 has a fault.
Case 10 B C¢C A) B (4,8,0) Therefore, shut off lane-2.
- Teu, failed - Be shelved

2A, B, and C are the calculated torque command values of each MCU.

main MCU. The aux MCU monitors the main MCU in the
same lane through SPI communication, because they thereby
have the same power and ground, and monitors the main
MCU in the other lane through CAN communication because
they have different power and ground settings separated.
Therefore, the aux MCU in lane-1 can compare its own
calculated torque command value Tcq1, Tcy1 of the main
MCU-1 in the same lane, and T¢cpso of the main MCU-2 in
the other lane. The aux MCU in lane-2 can also compare
Tca2, Tcma, and Tepr1. Each aux MCU compares the three
calculated torque command values with each other, and if all
three values are the same, it determines as normal, and if the
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two values are the same and one is different, it determines that
the MCU with different values is abnormal.

Using the proposed interdependent monitoring system,
the proposed fault judgment tables for disagreement in all
cases between the dual lanes are described in Tables 2 and 3.
Table 2 shows that, in the case of a single-point fault, each
aux MCU compares the calculated torque command values
and can easily identify the faulty MCU by means of the
majority decision principle. And which reactions are appro-
priate in each case was also defined. Cases 1 and 3 shut
off the lane with the faulty main MCU, and continue the
torque assist operation with the other normal main MCU.
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As for the torque assist in such a fail-operational situation,
a limited torque assist can be provided because one lane was
inoperable. Cases 2 and 4 were not the main MCU failure, but
the aux MCU failure, and so the reaction was expected for
maintaining the current operation. As the aux MCUs were
not involved in the motor control, the same motor current
flows through each winding. Therefore, cases 2 and 4 can
be excluded from the proposed fault judgment table, because
Tcymi and Tepp were the same and so there is no current
difference.

In the functional safety analysis of the ASIL-D system,
not only the single-point fault but also dual-point fault must
be analysed. Table 3 shows the case of a dual-point fault.
Cases 5, 7, 8 and 10, given that either MCU-1 or MCU-
2 are a failure, shut off the failed lane and maintained the
failure operation within the normal lane. For instance, in case
5, the aux MCU-1 maintains the determination of the failure
because all three calculated torque command values differed,
but aux MCU-2 can determine the main MCU-1 to be a failure
because only Ty has a different value. In the reaction of
case 5, lane-1 is shut off and the failure operation performed
with lane-2. Cases 7, 8 and 10 are the same as in case 5.

However, in case 6, it can be judged that both MCUs
—1 and —2 are a failure, and so it must be decided how
the reaction should be performed. In such a case, the fail-
operational safety goal can be violated if both lanes are shut
off. The reaction for case 6 can vary according to vehicle type,
the claimed failure rate in the evaluation of the probability
of the violation of safety goals, and the steering scenario
for a crisis situation. This is a very rare special case and an
emergency reaction must be derived. This reaction is being
handled in carmaker or automobile industry according to
emergency driving scenario. Case 6 is very unlikely to occur
in functional safety situations. For instance, if the failure rate
of one MCU is 5 fit, the failure rate due to the simultaneous
faults of the MCUs in both lanes can be calculated as a
25 x 1079 fit. In this study, case 6 was excluded. This is
because the probability of occurrence was extremely low,
and even if a scenario such as case 6 occurs, the failure rate
of 10 fit or less, which is the requirement of ASIL-D, can be
satisfied. In conclusion, the proposed fault judgment table can
be used as a tool to solve the ““tie-breaking” situation; that is,
to determine which MCU has a fault.

IV. PROPOSAL OF THE CURRENT DIFFERENCE
MANAGEMENT METHOD AND DUAL THREE-PHASE
CURRENT COMPENSATION CONTROL METHOD

Using the fault threshold value of the current difference
between the two lanes and the fault judgment table proposed
in the previous section, a current difference management
method (CDMM) is proposed. The CDMM offers a com-
prehensive solution for distinguishing between a non-failure
and failure, and how to detect and react in the case of a
failure. A current compensation control method (CCCM) was
also proposed, which is a solution for removing the current
difference between the dual lanes and increasing the current
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of the normal lane to perform a failure operation. The overall
flow chart of the CDMM and proposed CCCM are shown
in Fig. 7.

A detailed description of the flowchart of the CDMM is as

follows:

1) Eachphase current, I, Ipr and Ik, (k = 1,2),1is sensed
by the shunt resistor of each ECU and the average of
the maximum phase currents, Iyn_max1 and Ipp_max2,
are compared to each other. The difference between
Iph_max1 and Ipp_max2 s defined as Ipj,_comp.

2) If the maximum phase current values of each of
the ECUs are equal (|lpn_compl = 0), the previ-
ous PWM output is maintained. If there is a differ-
ence ([Ipn_compl > 0) over 1, time, it is determined
whether the difference is greater or less than the fault
threshold e.

3) If [Ipn_compl is greater than e, it is determined that a
current difference occurred due to a malfunction of
the MCU, and this is entered into the fault judgment
table. If [1,5_comp| is less than e, it should be determined
whether there is a difference between Tyr1 and Tepro.

4) If Tcprr and Ty are not equal, it is assumed that there
is also a malfunction in the MCU and this is entered
into the fault judgment table. If Ty and Tepn are
equal, the main MCUs have no fault and the torque
commands are correctly calculated. The difference in
current occurs due to a deviation in each lane and the
proposed CCCM shall be applied to each of them.

5) In the CCCM, the proportional current gain, Py, (k =
1, 2), is defined as the ratio of the calculated current
values corresponding to the torque command value of
each MCU that was previously verified, I, ... (k =
1, 2) and the sensed peak phase current values of each
ECU, Iyk_peak,» (p = a, b, ¢, k = 1, 2). Each phase
current shall be compensated by P and the current
difference shall disappear.

6) Finally, the PWM output of the gate driver ICs is
changed so that the same current flows through each
winding.

7) On the other hand, regardless of whether the difference
in current is larger or smaller than e, if it is determined
that the MCU has a fault, the MCU that has a fault is
identified through the fault judgment table.

8) If the main MCU-1 or -2 is determined to have a failure,
the shut-off path of the failed MCU is taken and the
corresponding motor operation stopped.

9) The other normal lane increases the phase current by
applying the proposed CCCM in order to provide the
necessary output for the torque assist in the failure
operation. The maximum output of one lane is 50% of
the maximum output 7,4, of the dual lanes.

10) If the target torque command Ty, that the dual lanes
must output for the normal torque assist is less than half
of the T4y of the dual lanes, the proportional current
gain, Py, (k = 1, 2), of the normal lane is adjusted by
the calculated magnitude of the current corresponding
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FIGURE 7. Flowchart of the proposed CDMM and CCCM.

to the Ty, . At this point in time, the gain is the ratio of
the calculated current value corresponding to the Ty,
Ir,, ., and the sensed peak phase current values of the
normal lane, Ipk_pear, (p = a, b, c, k =1, 2).
If the Tyg is more than half of the T}y, the gain is
adjusted by the magnitude of the current corresponding
to the maximum output that the normal lane can output
(50% of Tyay). At this point in time, the gain is the
ratio of the calculated current values corresponding to
the maximum output of the normal lane, I7.; x>
(k = 1, 2) and the sensed peak phase current values
of the normal lane, Ip;_pear, (p = a, b, c, k = 1, 2).
The reason for limiting the current increase is to avoid
failure of even the normal lane by exceeding the current
capability limit. By providing limited torque assist,
it avoids an emergency situation, continues driving and
alerts the driver at the same time.

The current control methods of the dual three-phase
PMSMs have been proposed in numerous previous stud-
ies [12]-[20]. The most commonly used control strategies

1)
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are the vector space decomposition control [12]-[16] and
two-individual current control methods [17]-[20]. In this
paper, rather than the control method of the dual three-phase
PMSMs, which are already well-known, a current compensa-
tion control strategy is proposed to make the different currents
the same or to increase the current of one lane for failure
operation scenarios.

Details of the control method for current compensa-
tion are shown in the control functional block diagram
in Fig. 8(a). The Iyp_max1 and Ipp_max2 values sensed from
each current-sensing circuit are inputted into the CDMM
block. In the normal lane, the proportional gain P is calculated
according to each case described above, and the failed lane is
then isolated through the shut-off path. The P gain calculated
for each case compensates each phase current and the com-
pensated phase currents are converted into the dg-axes current
and fed back so that the PWM output of each gate driver
IC changes. In the phase current feedback loop, proportional
gain control is used to change the sensed phase currents
without affecting the original motor control algorithm.

VOLUME 9, 2021
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FIGURE 8. Proposed current compensation control method: (a) functional block diagram of the current compensation control in detail, (b) simulation
result when the Ipy comp < € and Teyy = Tz, (€) simulation result when the Ip comp > €.

Simulation verification for the proposed CCCM was per-
formed as shown in Fig. 8(b) and (c). In the case of Fig. 8(b),

when Tcy1 = Tceumz and the current difference (Ipp_comp) Was
less than the diagnostic threshold of 14 A, the two currents
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were compensated and controlled so as to be the same and
the difference between them became zero. The filtering time
was set to 100 ms. In the case of Fig. 8(c), when the current
difference was more than the diagnostic threshold of 14 A,
the phase current of the failed lane-2 (assume that the MCU-2
has a failure) became zero because the gate driver IC was
disabled and the current of the normal lane-1 was increased
to the magnitude of phase current 70 A, which was capable
of producing the target torque 2.7 Nm required to recover the
torque assist function (2.7 Nm corresponds to 50% of T}, in
dual lanes). The electrical phases of the phase currents of each
lane were kept the same during the simulation process. This
proposed CCCM can compensate for the imbalance between
the phase currents of motors —1 and —2 in order to improve
the performance of the torque and efficiency and serves as
a powerful safety measure that maintains failure operation
by increasing the output of the one normal lane in case of
emergencies.

V. EXPERIMENTAL VERIFICATION

A. PROTOTYPE OF THE DW-PMSMS AND

DUAL ECUS AND TEST SET-UP

A prototype of the DW-PMSMs was fabricated in the dual
three-phase with an 8-pole, 12-slot combination, as is shown
in Fig. 9(a). The length and diameter of the stator core were
67 mm and 88 mm, respectively, and the maximum phase cur-
rent of each motor was 70 A. The dual ECUs were designed
on one board (FR-4, 8-Layers), with ECUs —1 and —2 fully
electrically-isolated, as is shown in Fig. 9(b).

The voltage supply lines (BAT-1, BAT-2), two three-phase
output power lines (A1, B1, C1/ A2, B2, C2) and ground lines
(GND-1, GND-2) were completely isolated between ECUs
—1 and —2. Each ECU board featured a main MCU, an aux
MCU, a gate driver IC and power-switching MOSFETs in
the three-phase bridge. Three shunt resistors for each ECU
were also used as the current sensors in order to measure
the motor current. The ECUs —1 and —2 could control each
three-phase motor. The arithmetic operation of each MCU
and the phase currents of each motor between the dual lanes
could be monitored through CAN communication between
the two ECUs.

The test bench was set up as shown in Fig. 9(c) and
consisted of two programmable power sources, dual ECUs,
DW-PMSMs, torque and speed sensors, dynamometer, oscil-
loscope, load controller and a control PC. Each voltage supply
of the dual ECUs was 14 V and these supplies were separated
using two programmable power sources. The rotary position
sensor board was mounted on the sensing magnet of the
DW-PMSMs

B. RESULTING TORQUE AND EFFICIENCY OF THE
DW-PMSMS ACCORDING TO THE CURRENT RATIOS

In order to measure the combined torque and efficiency,
the ratios of the phase currents of each motor were
experimentally-controlled by applying the current command.
The current through each winding was varied from 0 A to
70 A in increments of 7 A. The phase current of each winding
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DW PMSMs

(a)
Dual ECU:

FIGURE 9. Prototype of: (a) DW-PMSMs, (b) dual ECUs, and (c) the test
bench.

was monitored using an oscilloscope. The sum of the torque
and efficiency were measured at 1000 rpm as a function of the
ratios of each of the currents. In order to minimise the side
effects of motor deterioration due to continuous operation,
the measurements were performed with an adequate time-gap
based on the experimental case of the current ratios. The
torque was measured over a period of 6 s. The measurement
results are summarised in Table 4.

The changes in the measured torque and efficiency were
plotted as shown in Fig. 10(a) and (b). In Fig. 10(a), the
combined torque tends to decrease, as the difference between
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FIGURE 10. Measured changes in: (a) the torque of the DW-PMSMs, and (b) the efficiency of the DW-PMSMs.

:;5 el W\MWW\&

Phase Current [A]

Time [s]
(a)

FIGURE 11. Measured changes: (a) of the phase current of the DW-PMSMs, and (b) in the torque of the DW-PMSMs.

TABLE 4. Measurement result of the torque, loss and efficiency of the
DW-PMSMs at » = 1000 rpm.

E—

IaZ
e

Iphl [phZ Pin Tsum Pout Plass n
[A] [A] (W] [NM] [W] [W] [%]
0 70 477 2.615 274 203 57.4
7 63 433 2.653 278 155 64.1
14 56 421 2.672 280 141 66.5
21 49 401 2.701 283 118 70.4
28 42 388 2.721 285 103 73.3
35 35 379 2.729 286 93 75.3
42 28 384 2.723 285 99 74.2
49 21 396 2.707 283 113 71.5
56 14 419 2.680 281 138 67.0
63 7 450 2.657 278 172 61.7
70 0 499 2.608 273 226 54.7

the currents flowing through each of the windings increases.
The combined torque is the highest when the current ratios
are equal. For the current ratio of 70 A:0 A, the combined
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torque decreased by 4.4% compared to the current ratio
of 35 A:35 A. Because the electrical phases of the currents
flowing through each of the windings are equal, there was
little difference in the torque ripple, as per the change in
the current ratios. Moreover, in Fig. 10(b), the efficiency
of the measured DW-PMSMs exhibits a similar trend. The
efficiency is highest when there is no current imbalance, and
the greater the current imbalance, the lower the efficiency.
Changes in both the measured torque and efficiency of the
DW-PMSMs are very similar to the previously-calculated and
simulated changes.

When the phase currents of the DW were different and
the same, the changes in the current and torque were mea-
sured. Initially, each winding was driven by a different phase
current and the proposed CCCM was activated to match
its magnitude. As it was to measure the current and torque
change when the current difference between windings —1 and
—2 disappeared, the CDMM was not applied. Because each
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FIGURE 12. Measurement results of the torque command (T¢py1. Tepr2), phase currents (I4q, I43) and combined torque (Tsum) change in the dual
lanes: (a) ¢ < 14 A, Teprq = Temas 1O Tige change and a current deviation of only lane-2, (b) ¢ < 14 A, Tepyyy = Teyz, no Tyge change and current
deviations of both lanes, (c) e < 14 A, Tcy1 = Tema: Tege change and current deviations of both lanes, and (d) & > 14 A and a failure of lane-2.

ECU had separate power and ground, current synchronisa-
tion, comparison and compensation between the MCUs of
each ECU were achieved via CAN communication. Currents
in phases Al, B1, A2, and B2 were measured. As is shown
in Fig. 11(a), the currents of each motor initially differed, but
they were equal after the proposed compensation algorithm
was activated. Before application of the algorithm, the phase
currents of motors —1 and —2 were maintained at 14 A and
56 A, respectively, and after the application of the compen-
sation algorithm, with 100 ms interval, each phase current
changed to 35 A. As was previously verified, as the phase
current difference between the motors disappeared, the aver-
age torque increased by approximately 2%, from 2.675 Nm to
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2.728 Nm, as is shown in Fig. 11(b). As the current was auto-
matically compensated for, the combined torque increased as
well. In other words, it was proven that the DW-PMSMs had
the maximum efficiency and torque performance when the
phase currents of each winding were the same.

C. VERIFICATION OF THE PROPOSED CDMM AND CCCM

In order to verify failure detection and reaction in dual
lanes to which the CDMM and CCCM were applied,
the fault-injection test was used to differentiate the torque
commands or phase currents between the two lanes. Several
methods of fault-injection testing can be utilised for safety
testing [21]—-[24]. During runtime, a runtime injection method
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was utilised to create a torque command difference or current
difference using a software trigger. A manipulation layer
replaced the actual raw data with virtual fault data to be
injected, which could be selected and monitored in the MCU.
The fault was then injected through the XCP on CAN.

When the current difference was less than 14 A, it was
noted that the difference in the two currents was detected as
a deviation rather than a failure and the recovery reverted to
the same currents. Three test cases were measured when the
torque command had not changed, but there was a current
deviation in only one lane, when the torque command had
not changed, but there were current deviations in both lanes,
and when the torque command had changed and there were
current deviations in both lanes. The total target torque of the
dual lanes T}, was 2.7 Nm (the target torque of each lane was
1.35 Nm) and the changed target torque Ty, was 1.54 Nm
(the target torque of each lane was 0.77 Nm). The change in
the phase current and torque of each lane at 1000 rpm was
measured in accordance with the test cases.

The measurement graphs of the phase current and torque
change when a current deviation occurred in only one lane
and the torque command values of the two MCUs were kept
the same are shown in Fig. 12(a). The phase currents of both
lanes were initially operated equally at 35 A and, following
the current deviation fault injection, the phase current of
lane-2 was reduced to 25 A. With a time interval of 100 ms,
the current of lane-2 was compensated for and the phase
currents of both lanes were recovered equally, to 35 A. The
change in the average combined torque decreased to 2.3 Nm
when the currents in the two lanes differed and then equally
recovered to 2.7 Nm again.

The measurement graphs of the phase current and torque
change when the current deviations occurred in both lanes
and the torque command values of the two MCUs were kept
the same are shown in Fig. 12(b). The phase currents of both
lanes were initially operated equally at 35 A and, after the
current deviation fault injection, the phase current of lane-
1 was increased to 40 A and that of lane-2 was decreased to
30 A. The currents of both lanes were also recovered equally
to 35 A with a time interval of 100 ms. The change in the
average combined torque did not noticeably change whether
or not there was a current difference. The reason is that the
sum of the two currents was the same and the difference
between the two currents was not as large as 10 A.

The measurement graphs of the phase current and torque
change when the current deviations occurred in both lanes and
the torque command values of the two MCUs were changed
are shown in Fig. 12(c). The phase currents of both lanes were
initially operated at 35 A and the current deviation faults were
injected so that the currents incorrectly changed when Ty
and Tcy» were changed. When the target torque command
Tie was changed from 2.7 Nm to 1.54 Nm, the phase current
of lane-1 was incorrectly controlled to 25 A and the phase
current of lane-2 to 15 A and then, both currents were equally
controlled to 20 A according to the changed torque command,
with a time interval of 100 ms.
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Finally, when the current difference was greater than
14 A, the failure detection and fail-operational functions were
tested. In order to isolate the failed lane, the PWM output of
the gate driver IC of faulty lane-2 was turned off. As is shown
in Fig. 12(d), when the total target torque of the dual lanes
was 2.7 Nm (the target torque of one lane was 1.35 Nm), both
lanes had the same phase current output of 35 A. At this time,
the fault torque command value 0.58 Nm corresponding to
phase current 15 A was injected into MCU-2. After 100 ms,
the phase current in lane-2 became zero and the phase current
in lane-1 increased to the maximum phase current value
of 70 A. Like the torque change graph shown in Fig. 12(d),
even if lane-2 was disabled, it could be confirmed that failure
operation or torque assist was possible by increasing the
torque for lane-1.

VI. CONCLUSION

In this study, the current ratios of redundant systems con-
sisting of DW-PMSMs with symmetrical mounted wind-
ings and dual ECUs were investigated. The optimal current
ratio of the dual lanes for the torque and efficiency of the
DW-PMSMs were derived and analysed. As a result, it was
demonstrated that there was an optimal performance at the
same current ratio and that it was highly important that the
currents were balanced, not only to minimise loss but also to
avoid unbalanced rotational magnetic fields. And, when the
currents were not controlled equally, as intended, a diagnostic
process and new diagnostic method were proposed. The opti-
mal diagnostic threshold for determining whether or not the
current difference was from a failure was selected by means
of a worst-case analysis. And, the fault judgment table that
can distinguish which lane was true when a disagreement
occurred in the dual lanes was proposed. With the previously
selected diagnostic threshold and the proposed fault judgment
table, the CDMM was proposed, which constitutes the overall
diagnostic process for the current difference. In addition,
the CCCM was proposed to change the current so as to match
the same or increase the current of the normal lane in the case
of failure operation. The proposed CDMM and CCCM were
also experimentally-verified.

The diagnostic strategies described and verified in this
paper can provide a robust safety mechanism for diagnosing
each other between dual systems through monitoring and
comparing the calculated torque command and output current
of each lane and can resolve situations such as ‘“‘byzantine-
fault” or “tie-breaking”, which are the biggest drawback
of dual-redundant systems. These proven solutions could be
applied to diverse fail-operational EPS systems equipped
with dual lanes. The next phase of research on functional
safety solutions for autonomous driving that is suitable for
level 5 defined in SAE should therefore be continued.
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