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Abstract

The challenges inherent in achieving stability and efficient stabilization in an induction motor (IM) drive
lacking sensors are significantly more pronounced than those encountered in a drive that incorporates
sensors. This article comprehensively examines frequently recommended flux & speed estimators, like
reduced-order and full-order state observers. Their sensitivity to parameter variations and their static and
dynamic characteristics are the focal points of the evaluation. Instability is most severe at low speeds,
rendering a resistance of the stator the most critical parameter. The current investigation explores a range
of approaches to alleviate the impacts of this specific parameter.
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1. Introduction

Induction motor (IM) sensorless drives do not have a speed sensor. Due to the absence of a flux sensor,
the drive is sensorless on both counts. It is necessary to estimate both flux and speed for sensorless
control. Nonlinear dynamics complicate the task of designing a control system for sensorless operation.
Low-speed performance is challenging. Some steps need to be taken in order to create a system that is
both stable and functional. This paper reviews sensorless IM drive stabilization techniques and
outcomes. This stabilization creates a well-damped system to prevent small-signal oscillations or
ringing. Avoiding large-signal instabilities—situations in which torque and speed have opposite
signs—which are frequent in the regeneration region, is even more crucial. In both

scenarios, the flux-design estimator is critical. The theories and techniques of several
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systems and control fields, including nonlinear systems theory, adaptive control, and parameter
estimation, serve as a foundation for sensorless control.

The most important is the latter. If sufficiently designed, a wide variety of estimators can be used
successfully. Analysis is necessary for success, and linearization is a helpful tool. This paper is divided
into two sections for the remainder of it. Section Il enhances the instructional value by initiating the
conversation with the principles of flux estimation and vector control. During this procedure, the stability
characteristics of both archetypal flux estimators—the voltage and current models are observed. These
estimators are extensions to full- and reduced-order state observers. Speed estimation is added to the flux
estimators. There is a discussion of the connections between various estimator types. Both analytical and
preventative methods for the phenomenon are presented. Generally speaking, these techniques work with
various kinds of estimators. There is a discussion of several techniques to lessen stator-resistance
sensitivity. A few conclusions and recommendations for more study are included in Section I1I.

2. SENSORLESS VECTOR CONTROL FUNDAMENTAL

A. Induction Machine (IM) architecture

The equivalent circuit of the space-vector inverse model-T is demonstrated in Figure 1. The stator
flux is used in the model [1] represented as ¢ = Y3 + Lyig, where the symbol 1§ represents
stator flux space vector, 13, is rotor flux space vector , L, is leakage inductance and ig is stator
current space vector. As a complex state variable, the stator current is an alternative. The model
allows for the same conclusions to be reached but at the cost of a marginally more complex
theory, which is why we chose it. Nevertheless, saturation is extremely easy to simulate with the
model[2] [3].
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Figure 1. Inverse-T model of the IM equivalent circuit [2].

The T model is not recommended since it is overparameterized and contains both a stator and a rotor
leakage inductance. The stator terminal quantities do not allow the unique identification of the two
leakage inductances. An electrical dynamics of the IM in stator (o) coordinates are given by[4]:
dl‘g S 'S H S
LJE = vi — (Rs + Rp)is + (a — jw,)Yi
= v — Rgi; + ES 1)
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dy; . .
YR = Reis - (a — jw,)P§ = E° ©)

The symbol v{ is stator voltage space vector, Ry & Ry are stator and rotor resistances, a is inverse
rotor time constant and w,. is electrical rotor speed. E® represents the electromotive force of flux
(EMF). A complex state variable's 2"%-order state-space system, i & 3. In terms of real state
variables, an electrical induction machine (IM) model is a 4™-order system. In addition, it is
important to note that the speed wr is not only influenced by the electrical dynamics but is also
regulated by the mechanical dynamics, which are of order one or higher. These mechanical dynamics
interact with the electrical dynamics in a nonlinear manner through the process of multiplication by
or in equations (1) and (2). Furthermore, the electrical torque is also influenced by this relationship
between the mechanical and electrical dynamics.

_ 3y

Te = =2 L [(3)* iS] 3)
Where t, is electrical torque

In this context, the symbol "np" represents the total number of pole pairs, whereas the symbol "K"
specifies the constant associated with space-vector scaling & complex conjugate. Hence, it can be
observed that the dynamics of the entire IM exhibit nonlinearity and at least order five. However,
due to the slower nature of mechanical dynamics compared to electrical dynamics, o is primarily
acknowledged as a parameter. Consequently, equations (1) and (2) governing the electrical dynamics
have linearity characteristics.

B. Fundamentals of Vector Control

An exponential decay rate of i§ in eq. (1) is (Rs + Rr)/La, while a rate of exponential decay 3 in
eg. (2) is a = Rr/Lm. The rotor time constant and transient time constant are the terms used to refer
to the inverses. These are usually measured in tens of milliseconds and hundreds of milliseconds. As
a result, the rotor flux and stator current fluctuate on various time scales.

Consequently, there are differences in time scales between the rotor flux and stator current. A secret
to getting a quick torque response is to control the current to maintain a constant flux while adjusting
the torque (typically in a closed loop) [5][6]; this further reduces the effective transient time constant.
This concept, field-oriented control, was created in the late 1960s [7][8]. The erstwhile term
originates from aligning the dq frame, a synchronous coordinate system, with a space vector of flux.
If a former is written in polar forms, such as

Y$ = PRel?, then the dq transformation gives the dg-frame stator current

is = iSe7% = igy + jig 4

The substitution of equation (4) in equation (3) illustrates the direct relationship between torque and
iq, where iq represents the current component responsible for generating torque in a direct current
(DC) motor; precisely, it matches the armature current. Vector control enables the attainment of
quick torque responses in DC motors, a feat that was previously deemed unachievable. The task of
vector control would have been uncomplicated if the rotor flux had been simply measured. On the
other hand, the measurement of flux is often not feasible, so a flux estimator, also known as an
observer[9],[10] should generally be employed instead, with few exceptions yielding a flux estimate

Y3 = 1/7Ref§ (13 is rotor flux estimate space vector). In equation (4), 6 is then replaced by 8, this
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leads to the vector control system seen in Figure 2. The ability to estimate flux accurately, which will
be further discussed in the following section, allows for minimal impact on drive performance. In
contrast, inaccurate estimation of flow can lead to a decrease in performance and, in some cases,
instability.

ig’ :
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Figure 2. Synchronous-frame current controller (CC) and combined flux and speed observer
(estimator) in an IM vector control system [11].

C. Sensorless Control Fundamentals

Sensorless control significantly increases the risk of poor performance and instability. The main
challenge is estimating the flux without knowing the speed. In most sensorless schemes, voltage
and current at the stator terminal are used to estimate flux and speed. These schemes will always
exhibit a slight degree of stability for w1 = 0, as in this case, the branch responsible for
magnetization causes a short circuit in the rotor branch, as depicted in Figure 1. Consequently, the
availability of speed information at the stator terminals is compromised. However, this predicament
can be resolved when parasitic effects, such as rotor slot harmonics (this problem is resolved
[12],[13],[14],[15]) or rotor saliencies [14],[16][17] are used to estimate speed. It is worth noting
that the former tends to diminish with the implementation of skewed rotors, whereas extracting
information from the latter becomes challenging unless deliberate measures are taken to enhance
rotor saliency [18],[19], which is typically not feasible. Thus, further examination of parasitic
effects will be abstained from in this paper.

D. DFO (Direct Field Orientation)

In a direct field orientation (DFO), a flux estimate 13 is straight calculated using the dynamic
models in stator coordinates (eq.1) and (eq.2). The factor for d-q transformation can be computed
in the manner described below.:

—j @R
e J0 = YR 5
5] ©)

Figure 2 illustrates the schematic of a DFO. A drawback of DFO is that the frequency of stator,
w1 = d@/dt, is not a well-defined variable; the quantities oscillate continuously in the steady state.
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1. CM (Current Model): Simulating eq. (2) is a precise method for estimating the flux.
Therefore:

= Rl = @~ jo)PR (6)
Where @ = Rg/L ,, and in cases where using model motor parameters—approximations that
may not match their valid values—has been made clear (by hats). For all operating conditions,
the (CM) can generate an asymptotically stable system, even when the parameters vary
considerably[20],[21]. One drawback of this system is its sensitivity to parameters,
particularly rotor resistance. This sensitivity results in a slower torque response when there
are significant changes in the rotor resistance, denoted as R — Ry. The speed enters eq. (6)
for a sensorless drive, and must be replaced by its estimated @, in eq. (6), nonlinearity is
introduced as

Eg = Rei§ — [(@ — j@,) ¥R)]P3 ()

One benefit of this is that the previously mentioned sensitivity to changes in the rotor
resistance becomes negligible. The reasoning is that the stator terminals do not allow for the
unique identification of the rotor speed and resistance (barring the injection of test signals or
the application of parasitic effects). This can be inferred from the steady-state equivalent
circuit [20],[22] where the equivalent resistance Rr/s, where s= ((w; — w,) / w4 is the slip,
replacing the series connection of Rr and the rotor EMF. in the rotor branch in Figure 1.
Regrettably, the CM's desired stability characteristics are lost. If the CM is to be used in a
sensorless drive, more investigation is required. In this regard, some findings are elaborated
in the subsequent

2. VM (Voltage Model) With Modifications: A flux EMF is solvable through eq. (1) as
dis

ES = v§ = Ryi{ = Ly — (8)
Thus, based on eq.(2), the flux can be calculated by integrating eg. (8) as

aYy ¢ 5.5 5 dis
= Vs _Rsls - LO'E (9)

dis

where, ES = v§ — Rgi — L, —

Model parameters have replaced valid parameters once more. Because speed is missing in
eq.(9) [14], the voltage model (VM) is, by definition, a sensorless flux estimator [23][24]. In
the middle and high-speed ranges, the parameters sensitivity of the VM is modest. The only
essential parameter is a resistance of a stator, that has an influence only at low speeds [11].
The leakage inductance is insignificant because an incorrect value does not affect torque.
Because of the open-loop integration, the VM is only marginally stable [25]: 13 is not
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present on the right side of the equation (9). As a result, the VM in its current condition cannot
be used. In the usual change, a low-pass filter substitutes the open-loop integration.

dAs ~ . ~ dis ~
R = vy - Ryi§ - Lo - au i (10)

where Preferred, the bandwidth changes in step with the stator frequency in a linear manner
asa, = A|w,|, referred to as a programmable low-pass filter [11],[26],[27][28]); this causes
flux estimation error to occur; this can be remedied by scaling the estimator output with the
complex gain during steady state operation

[ty — 1 _ jasgn(w,) (12)

Jw1

In the context where the signum function is denoted by sgn(.), the flux estimator obtained is
referred to as the "statically compensated VM" (SCVM). The SCVM's utility for sensorless
operation at all speeds has been demonstrated [29],[30].

3. Reduced-Order State Observers: The feedback of flux-EMF difference can enhance the

CM.
Es = Ej —E§
5 B s N T ~ dis
= v — (Rs = Rp)i{ + @~ jor )P — Lo, (12)
the variance of the two flux-EMF computations provided in eg. (7) and eq. (9) as
Wk _ gs 4 s (13)

dt

This is called a reduced-order state observer[9],[31] because the stator equation (1) is only
impliedly included. The observer design has two degrees of freedom because gain Kk is
complex. One effective gain selection for censored drives is k = 0 in the low-speed region,
increasing toward 1( as the speed increases), which successfully transitions the motor state
from the CM to a location close to the VM. In [32], a flux estimator that resembles a reduced-
order state observer is suggested. In this estimator, the CM to the VM is transitioned using
an observer controller as a speed increased.

4. Full-Order State Observers: Simulating both eqg.(1) and eq.(2) will estimate the stator

current. The resulting "full-order state observer"” [9],[33] uses both equations to use feedback
on the current estimation error iy = iy — i3 .

aig _ 1 s D s s iy

E_E(US - Rs ls'Ec)+Klls (14)

a3 =
d_tR = EZ + Kqi3 (15)

EZ is (in this case) reformulated as a function of i rather than ii. The choice of the two
complex gains now has four degrees of freedom, which makes the design process more
challenging. Regarding stability, the full-order state observer has no advantage over the
reduced-order state observer [34],[35]; however, it generally rejects measurement disturbance
more efficiently [36],[37].
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5. Speed Estimation: A flux estimator in a sensorless drive must be supplemented with a speed
estimator. Due to the consideration of w,., flux estimation relates to the estimation of states,
whereas speed estimation is concerned with estimating parameters or adaptation[38]. The
flux-EMF difference £ can be incorporated into an integral adaptation law for the reduced-
order observer[34], [39].

ddy, ~ =
L= In{K, ($3)  E} (16)

Where, K, = K,e/®, K, >0 is the complex adaptation gain. For the full-order state

observer, a proportional-plus-integral adaptation law is frequently applied.

@, = Kye+ K [edt, e = —In{e® (P3) * i3} (17)

the nonnegative gains kp and ki chosed from a range of options deemed appropriate for
achieving the desired dynamics properties; this will not affect the system's stability
[35],[40],[41]. However, the rotation angle, where @ =0 leads to the conventional
adaptation law [42],[43], significantly affects the stability characteristics.

6. MRASs (Model-Reference Adaptive Systems): However, a different strategy is to run a
CM simultaneously and a modified version of a VM, yielding two kinds of flux estimates
that can be denoted as P and 137, respectively [44],[45]. For field orientation, one of the
two flux estimates is utilized. According to eq.(17), the speed estimate can be obtained, but
with

e = Infd (B%) ) (18)

The speed adaptation law effectively minimizes the angle difference between two flux
estimates to zero. In the 1990s, it was discovered through thorough investigation that model-
reference adaptive systems (MRASS) exhibited vulnerability to model parameter mistakes.
Oscillations may become unstable or inadequately damped [45],[46],[47],[48].

7. Relations Between the Schemes: A flux estimator should be constructed in accordance with
the model equation (1) and must adhere to the fundamental principles of the IM, regardless
of the specific selection process as indicated by equation (2). Hence, it is unsurprising that
the schemes as mentioned above exhibit interconnections. In [49],[50], It is demonstrated that
the fundamental MRAS estimator can be obtained as a special case when the stator flux is
selected as the first state variable in a full-order state observer, as opposed to the stator
current . [51] make a comparison of two MRAS variants and a full-order observer while [52]
and [53] contrast full-order state observers and naturally sensorless estimators. In [54],[55],
present an analysis of the relationships between MRASS, reduced-order state observers, and
full-order state observers. In [34], it is demonstrated how to convert a full-order state observer
into an equivalent reduced-order state observer.

8. Damping Estimator: In order to mitigate the occurrence of parasitic oscillations, the
estimator must possess a robust damping characteristic. These oscillations may arise due to
inaccuracies in the model's parameters or discrete-time effects, particularly in a digital
implementation. Due to the utilisation of open-loop integration in the unmodified virtual
machine (VM), damping is absent. The estimator has inadequate damping characteristics at
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higher velocities, despite the fact that the center of mass for filtered operation yields
favorable stability qualities for the resultant closed-loop system. Despite the commendable
stability attributes of the closed-loop system resulting from the use of the control module in
filtered operation, it is seen that the estimator lacks sufficient damping characteristics at
higher speeds. Equation (6) illustrates that, with the exception of the low-speed region,
where the pole is located at —a+jwr, the imaginary part is substantially more significant than
the real part. In order to get satisfactory damping in full-order state observers, it is necessary
to choose observer gains with sufficiently large real parts. As a result, the observer poles'
actual components are significantly shifted towards the left half-plane. The process of
amplifying signals with little noise is another design goal proposed in [56],[57].

E. IFO (Indirect Field Orientation)

Indirect field orientation (IFO) uses polar coordinates to calculate the flux estimate instead of direct
field orientation (DFO), which uses Cartesian coordinates.

1) Standard IFO Using the CM
Converting the CM to polar coordinates led to the creation of the original IFO scheme, giving:

~ D R R R

LRE = Reis — (@ — j@) hre’®

dy . df 4 P A AT

d_tR'*‘] E‘/JR:Rng—(a—]CU) Yr (19)

The term % refers to stator frequency. The following relations (eq.20 & eq.21) result from
breaking down equation (19) into its real and imaginary components:

ay o A

_dtR = Rpig — A Pg (20)
dé ~ Rpi

Lo W1= Wrt 5: (21)

Equation (20) indicates the yzconverges to Ly, iz with the time constant 1/a. It follows that the
stator current needs to be regulated in a way that

R (22)

The slip relation, or equation (21), shows the electrical rotor speed and the slip frequency. Rpiy g
equals the stator frequency The estimation of IFO flux is conducted in the d-q frame, in contrast to
DFO, where all variables remain constant during the steady state. This confers a number of benefits.
The control algorithm incorporates the stator frequency as an explicit variable, which provides an
additional advantage. Another advantage lies in the fact that the issue of poor damping in the
estimator is mitigated to a lesser extent. Although the estimator proposed in [42],[58] provides an
estimate of the a-f frame flux, the integrated Clarke's transformation is employed in the dq frame
to address the insufficient damping observed at higher velocities, as discussed before. One potential
limitation of IFO is the necessity to compute sine and cosine during the dq transformation process.
However, it is worth noting that contemporary state-of-the-art digital implementation methods can
efficiently and cost-effectively fulfill this computational requirement.

Vol. 04, No.02 (2024) ISSN: 2709-6718



2) Generalized IFO

In previous times, the concept of the CM was widely regarded as the sole flux estimator possessing
an IFO implementation of a comparable nature. Conversely, a corresponding application of the
IFO may be found for every DFO flux estimator [59]. As an illustration, the VM in eq. (9) is
changed to
aPr
dt

~ dis

L ~ N
+]J El/)R :vs_Rsls_]wlLals'LaE (23)

The solution for the real and imaginary components (for eq.23) can be derived from this

equation.
dyr _ s ~ . = dig
— = Va~— Rgiyg + wq Lgig - o (24)
a_ 5 AL 2 dig
TS W1 =V - Rgiy — wq Lgig - L"E (25)

The stator current exhibits a higher variation rate than the rotor flux, thereby rendering the stator-
current derivatives on the right-hand sides of equations (24) and (25) frequently negligible.
There is the option to either solve for w1 or integrate the right side into a low-pass filter [60],[61]
can be applied to break the algebraic loop that is produced when 1 appears on both sides of the
equation (25). It should be noted that although the CM's equations (20) and (21) have the same
purposes, equations (24) and (25) differ significantly. Equation (25) is introduced as a
replacement for the slip relation in the context of the CM.

3) Non-DFO-Corresponding Modifications

The conversion of all DFO Flux estimators to their corresponding IFO estimators is possible.
However, it should be noted that certain IFO Flux estimators do not have matching DFO
counterparts. Performance can be improved by making adjustments to an IFO that is equivalent
to a DFO flux estimator. A low-pass filter can effectively address the open-loop integration
described in equation (24). However, unlike equation (10), which does not consider the Flux
reference in the extra term, incorporating it as indicated in references [62],[63], it is reasonably
simple to prevent an estimation error

da ~ ~ . ~
% = Va = Rslq + 1 Lolg + &y (Yrer — Pr) (26)

A further illustration can be observed in modifying SCVM proposed in [60].

4) Transitioning to an Essentially Sensorless System

The process outlined in this study can be employed to construct an IFO flux estimator, which
inherently lacks sensorless capabilities [64]. It is recommended to utilize the IFO version of the
speed adaption law, as depicted by equation 16.

Aoy &
= = In{K, P} @27)

where E is acquired through the d-q transformation of eq.(12)
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E :US_(ﬁS+ﬁR +]w1ia)ls+(a—]6)l/}AR (28)
By neglecting di, /dt. Assume, for instance, that k, is chosen real value,

ko = ke, such is the yield.

Aoy,
dt

= waAR [Vq - (ﬁs + ﬁR)iq +w,; iaid - &)\RIIJAR] (29)

The negative value of the coefficient for w, on the right side of equation (29) signifies that the
speed estimator is approximately stable. As the value of k. increases, @, will converge
considerably faster than the flux, resulting in the flux estimator noting that d@,/dt = 0. This
enables the solution of @, via the right side of (29), which yields
~ Vq—(ﬁs+ﬁR)iq+a)1 Za'id
T PR
By substituting in eq. (21), This term can now be employed to make the IFO-CM fundamentally
sensorless

(30)

_ Vvq—Rsigtw; Lsig

=T (31)
Significantly, the CM undergoes a partial transformation into the VM, simplifying equation (25)
when the rate of change of dig/dt is disregarded. This partial transformation occurs due to the
discrepancy between equation (20) and equation (24). This analysis illustrates the distinct
dynamic characteristics and parameter sensitivity exhibited by the sensorless condition
monitoring (CM) compared to the censored CM. In [35], a similar estimator is taken into account.
For a complex kw , a different result is obtained, but the result is still an intrinsically sensorless
flux estimator.

5) Estimation of Speed via an Inherently Sensorless System

One of the benefits of utilizing a sensorless Indirect Field-Oriented (IFO) system is the
simplification of speed estimate to the use of a backward-applied slip relation. The speed estimate
can be calculated via equation (21), provided that the generalized slip relation yields a value of
1.

)

Br = wy — R—;q (32)

<)

6) Rotor-Resistance Estimation
Recall that in a sensorless drive, the flux estimate is unaffected by the rotor resistance. The
Rgterms cancel in eq. (31) where this is explicitly observed. However, it is noted in eq. (32),
even in the steady state, that R not equal Ry causes an erroneous estimate of the slip frequency
and, as a result, an error in the speed estimation. Rotor resistance estimation in a sensorless
drive is therefore desirable but difficult. In the analogous steady-state circuit [23], an equivalent
resistance Rr/S, where S= (w; — w,) / w4is the slip, is used in place of the series connection
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of Rr and the rotor EMF jw,-13 in the rotor branch in Figure 1. As a result, it can be inferred
that it is impossible to estimate speed and rotor resistance simultaneously in the steady state.
This deduction is supported by observability analysis[65],[66]. It is necessary to resort to
transients, harmonics, or injected signals[67],[47].

6. Discussion

In this section, some techniques used for stabilizing sensorless induction motor drives discussed. In
[61], Extended Kalman Filter (EKF) presents a solid foundation for sensorless control, though
computational efficiency is a concern for real-time applications. The technique in [68] is Sliding Mode
Observer showed effectiveness in enhancing system stability. In [69], MRAS with genetic Algorithm
(GA) Optimization are used, which showed effectiveness in dynamically tuning the PI controller for
optimal performance. And for [70], the technique is High-Frequency Signal Injection (HF), which
showed effectiveness in detecting rotor position with minimal estimation error, emphasizing its
superiority in sensorless control. Table 1. summarizes these techniques used for stabilizing sensorless
induction motor drives, aided by the weaknesses, main contributions, and strengths.

Table 1. Summary of the properties for some techniques used for stabilizing sensorless induction
motor drives.

Reference | techniques main contributions strengths weaknesses

[61] Extended 1. Robust estimation of | 1. Good 1. High  computational
Kalman Filter | states and parameters | performance in complexity
(EKF) under model | nonlinear systems | 2. Sensitivity to model parameters

uncertainties 2. Can
2. Widely applied in | handle noisy
sensorless control measurements
[68] Sliding Mode | Robust estimation | High  accuracy | Potential for chattering
Observer under parameter | and  robustness
uncertainties against
disturbances
[69] MRAS  with | Enhanced adaptation | Robust Computational complexity
GA mechanism with | performance in
Optimization optimized Pl controller | dynamic  system
parameters variations
[70] High- 1. Effective in both | 1. High 1. Complexity in
Frequency synchronous and | accuracy in rotor | implementation
Signal asynchronous machines position 2. Potential interference with
Injection (HF) | 2. Utilizes rotor | estimation signal processing
slotting and magnetic | 2.
core saturation | Applicable across

asymmetries for rotor

position detection

a range of speed
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7. Conclusion

In this article, the sensorless methodologies and principles utilized in the stabilization control of
induction motor (IM) drives are exhaustively examined. In order to successfully develop a sensorless
control system, it is essential to have a comprehensive understanding of electrical motor and drives, in
addition to systems and control theories. Flux estimation is an indispensable component of these control
systems. Despite the strong preference for minimal complexity estimators, the selection of an estimator
does not serve as the principal determinant. Nevertheless, the central emphasis is on the analytical
ascertainment of the estimator gains in order to effectively mitigate and prevent the occurrence of
instability. Significant progress has been achieved in the area of sensorless operation stability at
moderate speeds since the turn of the millennium. To enhance the stabilization and control of sensorless
induction motor (IM) drives, several features can be recommended based on the techniques discussed
and the specifics of their application environments. These features aim to address common challenges
such as parameter variations, low-speed operation, and computational efficiency by using Adaptive
Parameter Estimation, Advanced Filtering and Noise Reduction, and Hybrid Estimation Strategies which
offers a versatile and robust solution that can adapt to various scenarios, ensuring optimal performance
across the entire speed range.
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